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Abstract

‘1’lIis ~)al)cr d i s c u s s e s  a]ld dmcl  il, (. [1 ~ (1 I arnics aIId conllol of a s})acccraft orl)ititlg  c l o s e
to or lalldill~,  OII all ast,croicl  or C(IIII,. I ‘1 lb IIal I j ) r t ’ . ( l l l s  a]]alytical aIId IIulllcric.a]  results \v}lic]l
il]ustratc tlIc  C.liallcmgcs fac ing [Ic::r ~~’jl+ lL)If 11)1 ~ rs. lIIcl II(lcxl ar( a v<iri(ty  of for]nu]ac wliich  g i v e
order of r[]agllitudc  C.alculatio]]s  of r(l( LII ,)YI ,I[licil qllt!rltitic-. oscf~)l f o r  d(sign arid  fc:tsihilily

s tudies .  lrl par t icular ,  we cliscush ort)ll  II!l,  llIIltI~ 1011 :111(1 I (Ir]trol,  orl)ital (Iyrlalllics, clc)sc proxill]ity

o~)erations ar]d lar)dillg opcratioils
Solrlc  al)~)licatior)s  of thmc r[:l]lt ~ 1{, t] N .\]{ r[lisslo~l to 1 r(x ar< p,ivl’11 w i t h  m we towards

a potcrl(ral lartdlng  phase for that IT II SXII ,[1

1  l.ntroduction

SIIIall  i)odics, suctl  as astm”oids  aIIIl ( ( 1 1 1 1 . , l:i~ lwr! of irlcrcasi)lg irittrcst Iatcly. This i s  clrivc]i
b y  s e v e r a l  Pdct,ors, illcludir]g  a 1.11511(  I ‘, 1(1$ !1? III(I 111(~ },rill]al  corlstil,[)cllts  o f  t h e  sc)lar systcrn,

t o  fur(]ler our  ulldcrstartdi]ig of (.!y[i:irlm a pII: .l)(; s ill tll( s o l a r  sys[(III  ;iIId k) l)cttcr uItderstarld

tlIosc ol)jccts wllicll  occ.asiorl;illy  111111:11  i v II II  III (ar[li and III(  ()(llcr  ~)larirls.  ffdclitiorlally, Ilcar-

cartll askroi(ls a r c ,  irl SOJIIC s(rls~ ,  irl( ij)( I:,: ~1’ ) r(.]l(i(zl(lus \villl  arl(l llIIIS ar(~ ])ri[nc  carldidatcs
for lower-cost I])issions.

III rcs])o]lsc  to suclI  irltcresl, tl[(:( 1  ii 11( I I  ar] ir)c](:lsc  irl Itlc  rlllr[lt)(r  o f  I)ropostx]  rnissioIls
t o  SUCII t)odics. A  cor]l~nori fca(~]r{  (II PII;II! )r  II(Y+2 ]Ilol)cwils  is a  l)tla~c c)f ork)itirlg  close  t o  t h e

I)ody  a]ld  I)crllaps a  landiltg  i)lI:~ws u 11111 III si II [rl(;isllrttll(:~lls  CaII tl( a c q u i r e d .  A l s o ,  o f  g r e a t
sip, rlific, a]icc, i s  tllc NTIIJAIL  ]I]issiorl I( (III , ..(, I(I I l;ros, wlIose  ]Iorrlillal  rrlishiori co]ltair]s l)criods o f
C](ISC ~)rc)xirrlily o p e r a t i o n s  a]ld MI IOSI I :1( I( ~ 1 (I+iotl II I:Iy irlcllldc a l;irldirlp, ])tlase.  ‘1’his p a p e r  i s
Ir)eallt to address sornc of ttlc llaSIl qII~.. I(JI.. I Ilil ]Ilust }IC (lcalt }vitll irl llIw( situatior)s arid ~)rovide

usrful arl(l rclcva])t desigri  for]llul:!(  ~fil II \ 1)1 II I al It Ily7x sor IIc of tllc (Ij)lalnica] co Ilccr I)s that arc
faced.

l’irst, a  discussiorl on ttlc ll~li~’,lf 1( II I f ( Isc ],roxilllity aIId larl(lill:,  orl)its i s  :;ivc]l.  A  dis-

tilictiol)  is IIIadc  betwecrl  grour]cl- I)a+<i <,1 I ;III1 I otIr(Ius  ]l:)vi[~ati(,]i aj, })roacllcs,  realizil]g t}lat a n y



feasible realization must include  eli II IPIIt \ ( ~
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C]OSC’  OrlJitCrS, (’OIICCIltrati Ilg Orl t}l( [>f(c((:. I 1’ [ II(, ?lId (I(p,r( I arid c)ldcr  fi(:l(l, !v}]icl L dorniaatcs  t h e
interesting S/C dyuamics at the tjir[le s:;li(,. ( I( II It C: I;(. ‘1’tIc ~tvcfc shai)c distc~rtion  comIIlorIly  found
a t  stnall hoclics  y i e l d s  l a r g e  cllatl~,t,.  ill 1 II, ~ll,lt:l llcIllcrlts of a S/(:, alI<l Icads  to limits c)n w h a t
tyl~cs of orbits arc feasible to fly. ‘1’11<11 w (i III dc ,lIIIg Sl,, c]lically wit]] clclsr  IIroxir[lity aIld  la~idirlg
o~matiot)s are /;ivcrl.  ‘1’hesc sect iotl.j CIIIII  a~t r I(:J It dc>igrl forl)lulac JvlIIcl I slIow the  feas ib i l i ty  or
nc)li- feasibility o f  certairl approaclit,. S( )1111 ~ l)! IIi (xallll>l(. a r c  al,l]licd I(I ttlc NII)AR rIlission  and
its options dur-i]lg the follow-on I)II:IN,

‘]’~lis pallCr  striVCs f O r  gCrlCr<lllt~  Ill ~1~ (l--i[l (lylla[lli{  5 about slIIall  I)c)dies, as there is a large
rallgc III the sins, shapes and prol~(,r[i{s  t) i t- I 1, t~ics.  ‘1 tli~ t,ecolllcs cvidfrlt  irl ttlc notatiorl used,
lvller-e tlIc  body  dens i ty  p and II IC:III r:l(lil]:  7 a  ~~ l e f t  as Irec variat)l(,s. ‘J’lIus, i~l discussing the
gravitaticjna] a t t rac t ion of  a  sInall }JOIj~ IJ(  Ii III.1 u iIl wit]l  tl)e  lIIass  collslarl( I( :- ,i7rGpv~/3,  w h e r e
p is the gravitational coIlstant in kIII’’l’s’, (  : 6  ‘ii’2 x  10” N cnl:i/g/sz, p  is t h e  dcllsity  lneasurect
ill .g/CI II:] arid  70 i s  tlic Inean radills (.I/ I lIf 1) )Ily ]I)easllrc(l  i]] kIII, /1s aII exarliplc,  cc)l]sider  tllc
circular  s}]ced of a S/c about a sfii:(ll  lI~[l\, II IIal\ exl)ft+s({l  as VIC = ~~1/o M tlcre  a i s  the serlii  -
lIlajor axis  aIld  II is tl]e gravitatiollii[ lJ;1141111,L~r. II this l,al~cr,  t}lis s~>tcIl is imtead expressed as :
VI, = 0.53{p/tiro 111/s,  w h e r e  p is tlIf t){,.1~ ,1{ ,~it, Illcasllrc  (1 iIl g/cc, 7’0 is tllc b o d y ’ s  nlcan r a d i u s
iIl kln  arid  ti is tllc sm[li-major axis  fl(]r[ll:iliz ,i !,, it , rc.s])(.et, to t,}lc IJI(a II ],3(li[]s, ‘J’JIc twfo cquatio I]s

arc cqulvalcl [t,, yet the second forl Il l,rovi{i {,-l I III rc: lr:r wit}l a IIlore  irll]ll(diatc, and LIIlclcrstaIl(lat)le,
r<sult.

‘J’llis pa~wr oIIly c o n s i d e r s  tl)c f(,r~( ( fi~ I. c I( to IIIC sJn:ill  h[)dy’s  gravity f ie ld ,  ig]loriIlg  tlIe
cflkct  of tllc solar t ide  and s o l a r  ra(li;]{ 1,,11  I r, III. oII ltle (Irt)ital cvoll]lio]l, ‘1’t)is a.wu]nption i s
jus t i f ied,  as  at, t)Ie CIOSC radii assu])l{(i  II,l,,il, 1111 ( II :t of (II{ .: ot])cr  l)crt~lrl~illg  forces  is srllall o v e r
tllc titne s~)alls of iIltcrcst ( [22]) .  ‘1  tie Ii. LI~, III>  IItre ;tr(: alm reltvalll for coIllrts, a l t h o u g h  the
outg<assillg  f o r c e s  w h i c h  nlay be foul](l at :<(I( I II(J( I .  art II(,: taker)  iljto a( (otlIIt, t}Itls tllc a]lalysis
i s  II)ore rclevarlt f o r  IIcar-dead coIJI<ls L.11 ( (III III. l) (r to  (xcIi atio]l.

2 Navigation and Contro] 1 wIIes

A brief review of the relevant naviga( i,)ll II;II a t! p(, ol)crat  ic)lls strat,t~,ies aII(l ct)lltrol rllcthodologics
i s  given.  ‘1’IIc eltll,hasis is dcscril,i]l};  ttI( ,111( ,111 al,l,rot,, lies aIId i[lfdicatil,g  tlIc  lilllitillg factors  fc,r
acl]ievahlc accuracy with oil-board  (l)I)ifrIi  II j’ )111 ~llOIll(~lls) ot)scrv:itio]]s

G r o u n d -  t)ased  orbit deter[ni~latiol) fol A ,1 II, II lll&, I{)ishioll Jjill ~~llcrallv  c(~llsist of a  conlbination

o f  radiolllctric,  o p t i c a l  arid (potcllti:dl y), drill <I IJ’ < !La. SCI, l,:i~)crs [1(;] a;,,)  [20] for a dcscril)tion  c~f
the  necessary  aj,~)roaches  and ~mtcllt i;, ] ;(I I III ICJ (I: I !]is a~)l)r,,ach.  Jkl, ecially IIote  j)ajwr [16]  which
gives  a dcscri~,tiotl  of }Iow the Near I:il III I\:.[t I )i( )terI(le7v,  Ills (X} T\l{) Illissioll  lvill he Ilavigated
fro[li  tlIc  ground during the orbital plia~t

‘1’lIc IIlaitl  ctlaractcristic o f ’  gr+)(l[l[i l:] (i [)rl II dclcr]l(illatio]l i s  tll( lli:,ll  accuracy wllictl  is
ohtainat)lv, leadlrlg to  precise  rllc)d(ls  (,1’ t t!!. -III:: I I  I)od},  its for-cc cllvir(,]llllcllt  arid  the S / C  orl)it
aL~ollt, it, , ],’or t}l(  irlltllediatc future pr,)lull(l.l];..f i () It d[lcrliliIlatioll will ~Ilay atl ir[]~]ortatlt  role irl

defitlillg  ttle body rnodcls which will lC II.< I  III :Iul IIIolIIotIs r,avigatiorl systr[its.
‘]’}Ic weakllcss o f  grouad-hasc<l IQI I,il Ill 1[ IrII IIiitio[l i s  (}Ie ]ort<, turn arourld tilllcx, ]ilnited a t

best l)y tlic roullci-tril) light t,irne. ‘J’IIIs (i,l I!, 111:11  s II OIIy Iyj)(+  (~fclc>:+c-~jr(~~:illlity atld lar)dirlg  orbits
~lIlcc)~~trcJll~tl~le, i~i that, the reactitnl {ill!,: I. II( t ~ ~Ifl {t]ltly  s]! ift to c(jrrcct crmr. s arid to  cont ro l  the

S/~ to a Ilolnina] t ra jectory. ‘1’0 Il:,vig~l, , ,.111:1 I I  iIody  )l,i5~ioIl frf~l,, tl, c grourld alc)lle w i l l  ~,lacc
IIrird cor)st,raints 0 1 1  tllc ]nissic]]l dcsi{,lj ,~11( () I III ( Ilicl’a},l(  scictlcc rctr]rll.

If arl eflicicl]t ground  systeljl  i~ (it:.I\I,rI( ( f~ hic i aII (Ilr]l ladiortjrtric aII{l o~~tical l[leasurmncl]ts
iltto ort.)it coi-rectior]s  ON a  shor t  tilil( :. I; III, I III .( .I,Iou]I(l  s~stcllls IIlay SI ill I)c fc:wible  t o  u s e  f o r
SOIIIC classes of C]OSC l)roximity orbits. ‘1 II( I ~ .rt t,, >(vcr, a {,lcat  I,lllll},cr  (,f colistraitlt,s  t h a t  w o u l d



,

s])cc,ific iristructions  are scrlt, to I III !)~’( I II, t. ,,, i l l  t,<’ dal:l SUititt)l C f(, r lli~,ll
rllodcl  dcterrllillatiorl.

2 . 2  On-l  Joard (Autono])  lous) ( )IIIi  I l)cicr]r iil]a tic)]]

III contras t  wi~t] the g r o u n d  has,<] M,ILI1  III . ,irc ,1,-tjoar~l (Jrt~ll cl(.t(,rll]]l):itl(lrls.

lrccisiorl  orl)it arid

‘1’he ty~,cs of rtlea-
surcmcllts u s u a l l y  corlsidcred for ;III1(IIIIIIIII( II. .ys I Ins arc c,l, t,ical slid al(illlclry ]Ilc,asurclncrlts. l’hc
c)~)lical lIlcasurcl  IlcIlts will cittlcr ,III1;II,,<  f I , II III ,Jr sIIll”a~ <, lalldrIlarks of tlIc  I)ody ancl c o r r e l a t e
tlIcsc itnagcs with an existirlg II 1(1(1 CI 01 114 11.JLJ. t o  p,tl~(r:ktc t,h( rcsidua]s. ‘I’l Icsc ]Ilcasurc[llerlts
e a r l  l){’ corllbit)cd  to  y ie ld  S/(~ ])(,>Jli)l]  ti ,( 1  t i]natcs of tl~e S/(1 SJI(YC1  nlust r e l y  o]i J)osition
IIlcasurc$rllcllts  tied togcttlcr over 1 1111( 1~.il I, I.11(). II III(ILII:IS o f  tlIc  I)ody. 1 o r  itlstaiicc, irl ILefcmlcc
[1]  i t  i s  IIotcd  tl,at tlic velocity (l, (,r,IIIII,I i I t, ,IIII(S II II IC}I I)(,t,l(r WI ICI I tlIc  .S/~ is tracked over
s e v e r a l  revolutlc)rls,  as then the flll<r ~:iiI II ,! I II( bt,al 111:1+  c)f tll(, body  (wllicll  ]vill bc well kilokvrl
ill gcl]cral) to aid in fitting the ~)().itl(,~l. [I t lIf I I LIL ort~it.

Afcthods t o  lmrfc,rrIl  eactt  ,11 II, .( I \ ] ,. ~ I r)if:,~(lr,rllfl)ls aIId r((lucliol]s l]avc  I)ccn devel-
Ol)cd, ill the c a s e  o f  liIrll~ ser)sirlf,  ar) i,~llllll, II IIIS  . IIVIII( t);,+ l)(CII (lcvcl(JII(’d aIId tested arlcl proven
k) w o r k  WC]] u]ldcr f a i r l y  bclligll  (.]rt)lt;r  ~ II IIi Il HIS  ( [ 1 ] ) .  Sir])ilar  Iccl)lliqllcs Illay  \)c ])ossiblc  f o r
lalId]IIa]k tracki Iig ([8]),  ‘1’wo SLI(II  o~)tt(:l .il,l i :., s of t)I{ l~ody s~lrfact arc suflicictlt to deterl{lirlc
ttlc irlstalltalleous ~)ositiori  of tlIc  !-;/( ~ v, ill r, .1,( t to till I,ody,  a+)~lrllirl~, {Il:it a Inodcl  of tllc I)ody
e x i s t s .  ‘1’hc al)ility t o  Iirnh  track !,(7<)IIII. Iiflitf i :Is [II(  S/(’ ;Ilf it ITClf  flf,reasf>s,  a.s t]l( I)rocess o f
corrclat]np, tll(~ ]Iriagccf linll)  to [lit* st(~~( .i II t)lil I I 10111(> rr,~,rc’ difllcult,  ml](rl t}Ie l)ody  Iirnh  lies near
ttle hor izon ,  111  this rcgirllc it is IJLI,L(I 1, ir,l:, I li~llnarl:s  orl ttlc l)(,dy’s  surface alId cc)rrelate t}lclll
with lIIC iIltcr Ilal III OCf  C] to dctc])ijillt  f,, lLj II ],,,11 IIllarks tl)( S/(; i s  looki]tf,  a t .  IIavirlg dctcrlnilled
ttlis, aIl ilist,zillt:illco(ls  pos i t ion  III( ;iSIIIl II Ifl Il ;: rl Il. cc)llsllllrtcd giv<]l t!~f-) SIICII  sig}lti[igs.  ‘I’f Ie larld-
t]lark aljl)roacll r e q u i r e s  a  rnorc d(l:$il,  ,! r[(;t~f (), ? tIc Sl]rf;fcc, j“(t i~tay OJI1), bc l!ccessary f o r  tllosc
l)c)rtlioIls of t,flc surface over wtli( II tlIt ‘; /1 ,, ,]1 I,(,VC![ Clo,tly. If tlIc  S/( coIIIcs  very  clckw to tllc
slnall t)ody  surface, ]ar)rtr]] ark t,raikll]~,, 1~., 1 ,1111.. If .s I)lact ical as IV(lI.  I’irsL, to  coIltinue to  rcliat)ly
track Iaudrnartis will require tllal a )11~,11  II s, IIrt III II Iodcl I)c ahwird  tllf S/(~. S e c o n d ,  tllc altituc]c
dctcr Illi[)atioll will im lilllitcxl  hy l}Ic III,,lf t r I(), aIId IIIa} IIot [illow  for a cIos(c I-1001) soft, larlditlg,

III other situat ioIls i t  i s  dv~rat,l( 711 III  ‘I I I

tell]. /\ltil Ilctry rncasurer)lcrlt,s  al ,11{  {111 II ,( ..u I
})crfo]tll  ]il Ii]). scarls or proccssc(l  (.)\Il l,lr If: lill~( s
try alo]lc  requires t}lat the data I)( :ICC II II II Ilal , [1
agalrtst tllc cxlstlr]g rnoclels  o f  tll( t)~),l:, ;l, [ ;1)])
(Iata Ilscd ill colljulrctiorl wi th  Iatl{lrlli{  1: (,!):. r !:
csscntral  for So ft-lallctlrlg operatlolls, 1[’!1” f(
is lll(lcJ)elldeIIt  of t,l Ic rl]odclirl~,  (,rrot

lir)ll) trackirlg i s  Inc)st fca~il,l( VII{ I  I f(
ff’asiljle  wllcm closer to the t>c~dy :11(1 :111 IrIIrl r~ I
o r  larldillg 011 the s u r f a c e .  l;sselltia] t(.) illl i:II[ol
attitude cstitllzitcs  aIId precise co]ltro!

O f  i])tcrcst,  i s  the accuracj of III( + Ail,
in tcrllls o f  a c c u r a c y  are tllc ally,l)lz~r fI?, ( 1’ I II<
la t i tude  and longitude of the S/(’), t}lt !</ ; r,(l
S/~ a l t i t u d e  at~ovc tllc })ocly surf~:cc. 1 II 11. III

the  dcterlnilliition of the radial al[ll ,lru,~l,l I}()
res{wctivcly,  wt]crc crrO i s  t,hc ovcrt:l!  IrIIJI ill [t

r a d i u s  Oft])c  ])ody.  ‘1’IIc l)rc)j)c)rtio[j~lll[y fit, I(II  fo

altifli{’try Iii{’:tsllrtlli(tll> irlto  tlIc  rlavigal ior] sys-
~ I t o  dcl(rrrlirlc })osili,][l, url]css  they are used to
,:. IIs, ‘J’(I ( oIII])ut  I’ a corllljltlc so]utiorl froln altiinc-
I,rl sl(]r([l [)l~<r fidlrly lc)II~, tir[lc sj]arcs and processed

I ICh [Ilort s~iit~:(l t(.) f,Ii>II]Icl  ol)(ra~iorls. jlltil Ilctry

1 IIIS lI<w. (vcl, is a str,lllf, data ty~)c arid would he
II)re  is tl,ft it’s altitll(i, d(tcrlllirlatic)ll  of t}le S/C;

radii fr~lln tlIc l)od~,  larldrIlalfi trackiilg i s  m o s t
{0111(>  ilril)ort,:iljt  iVl IIJI collsi(lerillg orl)its c l o s e  to
j:IIOlIS  llavigatio~l  lll(il.,(l~ (lil  ClltS arc accurate  S/(;

,] It ort)it (Ict(,rllli]l:tliol]s, ‘1’lIc rdeva]it quarltitics
J/(; iII th( I,()(ly-fixc(l  sl,acv ( i . e .  tllc e r r o r  ill tt]c
I,, }villl rf 51)c(t, tc) tilt l)ody  cctlter c)f ]Ilass  arid ttlc

,i]laliorls (lilILl}, lalldlll:lrk  aII(l lalidrnark+ al t i tude)
tioll (If t}ll. S/(; is l~ro~l{]r[iorial  t o  crr O aIid  c7ro/?’o
l,o(ly  llll. KIC1 (ill ltIIp,l t, u]lits) and 70 i s  tile Iilcarl

V;icl) })(lsl[lo Il flX r;lll~,t., frorrl 1 to {2, dcperldirl,g  orl

,,
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the corn})itlalio!).  ‘J’l Ic d e t e r m i n a t i o n  IJI’ ,{1( II II II i., t IIa Ily only  pcrfo]]]]ed [lsing  landmark t racking
alclrlc o r  iri coInt  Jill ation wit]) altir Ilcl r.v. I jr l,,~llirl  i-k tr;t{fiirlg  alorl(,, tlI( ;tttitudc dcterr[lir}atic~n

f r o m  OIIC positiorl fix is approxiruat,cly  ~fil,’:’o, ,, i~lt  II for liilldltlark l)IUS alt lrrlctetry  the accuracy is
the accuracy of ttle altimeter Irleasur~rllcrlt WI i( II r[ ,IJ t,c <)11 [IIC order  of crrltir[lctcrs or rrlcters. For
all t.tlese results, it IS assumed that,  t,llt [.11)1 II :11 :: 111 I III ilnl’lry ,iata is ol)tair[,>(l a( “ol~tirnal”  v i e w i n g
corrditio~ls.  I.’or la]ld mark tractii]lg ~l)is lll~’illl< 1 tliil 1  Iic ttvo  liirlCfrllatfiS  Ii< ,1[)  dc~, rms off” riadir in

o p p o s i t e  dirwctiolrs,  for landrrlark ~Jlus alltt III’ r) IIli !Ilcarls  that tllc l:illdrrliirk  lies at nadir.

2.3 Cons t ruc t ing  the Small  lI(JIIJ  Y’l{I(lel

‘I’l Ic ot)servat ions from tho previous s.?( I I! III III liI( arxuraci(s  c)f ort)it [It(trrllirlatiorl t)car orI t h e
,.,

a )Illty  of a S/~ tc~ aUt 0[1 0111 OLJsl.y csllrlia[~  il 1 l~,i( I ,( the srl);lll Ix)dy  :itm~]i wl, icll it is orl,itirlg,  A s
the l)osiiion a n d  c)rt)it dctt’rrl]ir]atiorls a r c  III ,41 I(a I ])artlj lirnitcd t)y tl]c urlccrtairlty of  the l)ody
]nodc],  It lIccol  IIcs m o r e  ctifl-icult to ,st irliii~ f. I III(I I I of tlIc  I,ody  as t,ltis II IIISI be d o n e  ir) tarldern
with tlic orl)it, <I(tcrrrlillatioll.

‘ J > o  r e l i a b l y  perforn[ t,his d[l( rlllit,l I( II !I() II rc(lllir~  scvera I  l)r<  r(tq~lisi(cs:  a  stahlc arid
~)rcdictal)lr c)rt)it to  ])crfor~n  t]lc  (:icl{r[)t,l,:ilitl [rt II, a rcasf~r~al)lc s}~arl of tirllc to allcnv for  “<Ar”
ef~ccts  to irlcreasc the accuracy of tllc III(J~lIl) LIP !I r{ ]Iut,iort irlstrur]lcrlt.s  to allow  for accurate rnodcls

to k cc)nstructm]  froIrl  orbits far CII(IU[I,ll III 1111 (II !)c)d~ 10 rllirlitlli7e  ~~ravita(ioria]  pcrturbatiol)s.
N o t e ,  a l t i m e t r y  Iitcasurcrnents wou][l  t,f IIL(  ,111 f<, :.UCII a (lttcrillill:iti(~rl a~ tlIcy  w o u l d  Ilrc)vide a
lrlctric Irleasurcrnmlt  (unlike the cx< Iusi}t  1! :. II) IIla ]I]easurcllicllts  of tllc (,~)tical  systcrr~)  and c o u l d
t)c used  tcl define the overal l  s ize  rrIIi $ LIIIIII(  .J’ (It lIcdy  }vl, i,:l) would  all(I\Y for t}lc J)ropcr  s c a l e  t o
tm a])plied  to all the optical IrlcasuIr,l],( -.

Givctt  that s u c h  aJl cstirnatio[!  cI)IIl~l I : ,~r I II rlle[:l a(ll(]rlo[-llc)llsly, it }iould  always lag behind

the lnoc!cl accuracy possit)le usinc III( p,t, IIII,; :., > t( III. ‘J’llis is rrlairll~r (llIc to 1111’ cxtrerne accuracy of
the l)ol~l)ler  lllcasurclncnts  and its al IIIIfj t{, I( Ifrr IIIe tl,c ti~(al lna.s arid p,r:ivitational  field to IIigll
a c c u r a c y .  Giver,  ttlis l)ase  inforll,a(!{,l,, III( I,( IIC I LII }1~ es(irltat{d  frorll  !}IC ol)lical  a n d  a l t i m e t r y
clata  usirtg  tllcir f u l l  a c c u r a c y ,  ins(vi;tl  (,I N III lirl (io~;lt tlI(w rll(,;t~~lr[.;ll(rl(s lJy dctcrr~lirlirlg  tl]c

orl)it sirll(rltarlcu(  rsly.
orlc fillril cornparisoil,  f o r  p,[)frl,()  Ii II JII t] (I(tcrl,iirlfiti(tl it is  ~,{hsit)l< to cstirnatc t h e

tlcccssary Irlodcl  rcsolutiorl  frorr) ftll ttII I ,I!}:r I !,;,I 1(,I i,fI 011. I)oard  [1(’lt]rj]irl~tticlrl. Orl-})oarcl  cfcter-

Ii)irlatio])s require m o r e  o f  a  “s~)iral irl’ ]1111111 ,;III tllc Iow, r orl, it [l<>t(,rrltirtalicjr) accuracy requires
tllc S / ( ;  to cstirr!ate tile s m a l l  bed> lII(I(i~l i:{, II a  ~ oscr c,rl,it , w})iclj irl Iur[l  irldlrces  its olvn e r r o r s
etc.,.

2 . 4  M e t h o d s  o f  C o n t r o l

Give]l  art orl)it dctcrminatioll an(l },r,.,1~ 1 I, I  ~ ,1~1 Ilility,  tlI{ corltrwl  o f  tilt S/C;  or})it  lnust be cc)rl-
siderml. ‘1’lIc c]rl)it  corltrol stratc?, i(+ ( ;III 1 ,~iv II(I i)llf,  lllrcc ~rj(ral aIttIS,  ar)alytic  ])rcdictors,

IIur[lcrical  tar!;(’ting a n d  closecl-loo[I  C(]tflrt)l ‘) 11[ divisi~)ll~ ar( sol IIcwl I~Il arllitrary, but arc LrscfLll
for catcgorizin~ t,lIc different conl  r II ], ,.ll,li i >

2 . 4 , 1  Analytic l’mclictiol]

‘1’llis a})]) rOZLC}l  u s e s  approxinraic  h)lIIl II III 1 ,  t I c,rl)it  dynalrlics  [)rol)lcr[l  to  j)rcdict t h e  f u t u r e
cvc)lutic)]r of ttlc orb i t . ‘ 1 ’ h e n ,  ~,i!~rl  (11411 I II o ,it S)ICJIIltl  r)ass  tl)rou~,il  s(,rlrc J)ositic,r) o r  s a t i s f y
sc)rllc c r i t e r i o n  a t  a  future tirtnr,  tlI( ii! I il~ Ii, (() >.~lr]i art;j]j,  tic) t t)~,ory  i,s used  to dcternlille w h a t

t}tc currcllt c)rt)it shoulc]  be f o r  tll( ful Ir \ IIt I I)(’ h:tt idic(i. ‘1’tlis aj,l)roac}l  is r]lc)st often used
for the dcsigll  of missions 0]) t,lIc j,rol]rl i : Ih ,\Ij I it ((IIIIcI tlavc  a}l~)lical)ilily  for SOIIIC auto] io][lous
]Ilissions, if ~)rccision  cont ro l  of  tli( S/(’ rl)i J.+ ! t a ])rctlliurll.

‘J’llis al)l)roacl] f a i l s  WlICII orl]iti l,;, irl II ,,lri of  r[j<lti{lri wlIcI[’ tl]( j~(rtllrt~ations actin~ on the
S/[; arc ]arp,e c)r the  )notic)r] clIa )Iic ‘1 II(I : [1(’ leglllar tlrcorics ivill lIs IIally  Ilot aj)p]y.  lrl tcrrns
c)f grotlrid  l)ascd  clesignl  arlal~tic t II(,I )1 i(. III ;)’ : III Lc [ ollstrllctc<l foI (}Ic-.( rc~, irnes  arid  u s e d  fc)r
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IIigll-icvc]  cfcsigll, h o w e v e r  they IIIay III( I ,, ICC .I cIIougl  I for aII aato IIo II Ious coatrol scheInc due
t o  the itlllcm]t non-lincarities  of (II, (lj II;II II . ii llIcw:  ca~ts.

‘]’his al)proach works best ~VII~IJ t IL( ( } I 1111 ., oft III S/(; ort)lt c:i II l~c rllodc]cd  using averaging
tccllniqllcs, ‘J’IIcI1, this is useful for dC:;Ip, rIIII:, :1 ][ii ..o I: aIII.1 IC)lll})(ltillp;tllc  }Jro~~cr corltrols to execute.
ILcgil[lcs  whcm this al)l)lics  are for I( tr}l,r;,,i  IIIII(IS arc)lllld  u]liforl)]ly  r(,tatil)g slnall t)odics  a~ld for
S/~ ort)ifs far from the srllall bo(ly.  JVIILI( Iliill a] II mlaf  ra(liatio]l I)rcssur{>  forces lwcol  IIe ililportallt.
‘1’lIc ,greatesL advantage of this all~,ro.,cl,  is I } 1 ] IISCS analytic sollltio[ls  lvi)icll arc understood arid
hounded  a  pr ior i ,  and dots I1o(, r,ly (,11 :, l,r i ,1~ ,, Ilicll IIIay IIavc ~l]ll)rcdlctcd  tmllavior.

2 . 4 . 2  Nu]ncricd Tar,gctin~

lllrcgi Illesi$llcrca  llalytica~  )l,rc):3tllc:1 III II I!, (I ,Ilitc}l  will)  reality iL islltctssary tousc Ilut[lcrical
irres. ‘Jllis is al}vays  tllc c~w  with grour)d b a s e d

.,, tc(l (I) ii IO(<itio]l ill s~Iacc at  a  fixed  o r  variab]c
[he “11-l~lalle” of a  I)tj(ly, ciLllcr fixing  tflc  tirnc
Larp,([]llt’, is tlccfssar~ a~ illl tllc irIll)c)rtallt  f o r c e

il])llr~ll]rij!tcly.
t,sotc]ic (.xa II Il)lcs aIId al)ljlicatic][ls,  such as  the

i,ody.  Stl~llorl)itsc  xi~l,al)c)~lt  sIrlall  t)oclies  ([18],
,rr II, ytt ljrc~ccdlll{.s Carl bt dcn’c’lo~ml to  COInputc
l:mctl  (all also tjc gct](r:lli7cd t o  ICSS corlstraillillg
t}rljits  afloat sjllall })o(lics. OIIe can  attcrnpt t o

Ilitl’ oll~it I)asc(l o] I ai.tr:lgillp,  tllcory or caa u s e  a
;k clr<, u]ar orl)]t  III a lca<t squ arm ser Ise. ltcfcrencc
,iliotls III ~,rcatcr  dc[ail.

[0 dtfIrI, tfl( tarr,ct l(catio I)s, events  or  liInits irl
l) Illl]ll(ric zLll, rc)cc(l~ltt~  tc~satisfy ttlesccc)Ilclitio  lls,

iIl conjl)(lct,ioI)  ivitli  lrlc,rc traditioIlal t a r g e t i n g
for :illt,l]cJlllc,llss c<ll,iricls. OIIly  if tile J)rot)lcIll
I(CI s[]lll{i(.)lls SlIC)iVII t{] t)c }vcI1 hehavcd a n d  tlie

I be [ru>[,d t o  aII aII[t.JIIC,IIII)\IS  co~nl)utatiori. ]a
llIalIy  illstalic(,s, sucl  I Ilunlcrica] I[rll[li(!ll( lhi~t IL) 1)(, “t)::l~ysat’” as tlit j)rol)lcln  bcillg solved is a
IIoll-lilicar ~)rol)lcIIl f o r  wllicll  IIlllllil)l<  WIII iwls  IIIay f>ist.

2 . 4 . 3  C1OS{,[I-I.OO1)  1+’liglIt l’;,tl) ((11111(1)

‘1’lIc arlalogurto lltllllcrical tarf,(lil, ~,fl ;I It:Io )r,lls~!,  is>ic)llsi s(lt)s((l I{N3JJ flight  l)atll cc)lltrol.  111
this situation tllc S/ccxljlicitljf c{, tll J~,l:  II: Ii I(.I :.}l(cili( fii~,]it  ~,al.il (w]licl]  ]llay(’i  Lllerb(;  cc) II~l)/lte(l
otl- hoard or 011 tf]c ground). III rl;tllij, ~ I<i i y:(lll  i: I)aw(l  ,1. IIIIK,l ol)cralic,I)s alsc) lJcrforlIl  a  c.loscYl-
lc]c)l)flig,}ltl)atl)  coIltrol, excel,t t)ir :.) LIII,, ,IIf I(siglltl w) that [}IC oll,it isstablc wit]] acc)Iltrol
delay of days or weeks. ‘J’llis is w.tliill)  {( II< lIy
t,argctillgoftllc llor[liI]alS/(;(,r})il ‘I 11( II l’If Irt
]’or il]t,casivc  c)l)cratio]ls Ilcar tilt SIIII  ,, ()! I
acccl)tat)lc, and Inay yield arl olt)lt tlI<l i om,t;
call  bc rcduc<,d t o  t h e  order o f  II OIIIF HII[  II i
c~j)craiiolls.  Also ,  tllc data typ(:s  LIWI;III)  II ,,! f’(11 I,, IOU II(l I);isccl  co]ltrol do Ilot, yield ‘(i Ilstal LtaIlcous”
~,ositic)llfixcs,~irllic}l  arcuscful for cl(IsIt  Iy, llI S , (  cc)lltro] 100)).

III tllcsc s i t u a t i o n s  it t)rcofflc, 11(>1(  k: (y I( t}f~ aJ,J, r(,j,riatc Irlt/isitrtllicllts t o  I)c Inadc o11-
l)o:~r(l til]clllsfclt  oaltert llccc)Iltr(ll:ii I,, lij 1,;,, , tc):[,l,  i{~,  rc-l)r(,P,rarrl  l[l(clllc )lllirlzilfli g}ltJ)ath.  At
slllaller l)c)dies  (or ]css rl}assil,c  l)t)~ll(>) 111( S ‘( ~ III “l(r Ii(Ii’c” LIIC l)c)ciy ’s f,r;i\itatic)rial ficlci in Sc)ll)c

~ rfotlllirlp, \(ry ilCClllilt( orbit cletcrlIliIlatic)lt  and
I (II(! of corrcctio]ls  CaII t)c decreased til)l)recia}.)ly.
Ililll I,oclj tills tyl,c {II (orltrol delay Illay  [lot I.)C
I c, A t  I,t’st, tfi( {J,rol]lld lIased  corlt, rol til[Lc d e l a y
*till  ]Iot s(lf[icicll(  f o r  clos( [)r(xi]t]ity o r  lalidil~g

itlsLallccs  by IISIIIg III OdClS to g(,rttrat~ IIrl.1 I;i :.. ‘Jllis i,;ill,  ill ~,cIIc Ial, rc(luirc autolloll)ous orbit
(Icter]l]il]atic)]l  to iln~)lc)llcllt  and IS }IILI1.111~ III, Iiost attrictil’c liltcl[ar[islll  t)y l~llicll tc) cC)In C Close
to the surface of a slnall bcKly  ful {t SII.I(III! : l)I,(,d of’tililc, ‘1’odc)ttlls r((luircs avarial)lc thrust
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eIlgillc. I f  Ilot  availab]c, t h i s  approacil i> 111:1(1 II IICI JI)OI( {lilficult,  alId  lJcIIIalm  is IIot realist ically
collll)atal)lc.

If oaly a f i x e d  t h r u s t  systerll i, a} ~~1 .I II I I ~ III II a l l  co]llro]  Ina[l(uv(Is  rIIusl t,e im~)lemcntcd
a.s I_ia]tc-tl]]lc  ~nallcuvcrs. For  d e e p  slIaI!,  IJ II .I III:, [ IIis  ~JIIa Ii.+ 110 rxa] collll~licatioas,  ho~vever for

operations close to a body this will COIIII, II( [<, i II t>{utioll  0[ IIla]leuvccs  aIId (lIC colltro[ al fjorith In,
arid slIould hc sttldicxi  further.

3 Dynamics of Close O]l)ill(’rs

O f  great irl[portartcc in controllir)g .311({ (1<.)t,[i III c]( J pr(~xirl]l(y  arid  lar]dit)~: orl,iis at a sIIlall b o d y
is an undcrstarldirlr; of t}lc dy~lamics  (Jl(,rlII!s I [wr IIJ tlIc.. c I)cl(lics. ‘1’tlisscctiorl  givcsabricfrevicw

of th is  prol)lcm,  cites apprcjpriatc (Icxls {L)I  1)1( rI NIS  ,’(t~r k<loII~ i~l ttlis area :itldgivcs a sketch of  the
current state of ur)derstandirl.g irl th]s ;II~lf

‘1’hcequatior)sof mot ion  for  a  S/[; (I,,w {, : s: IIal I,ody  (us[]ally v,it}, il] 1[) r a d i i  f o r  tile cflec.t o f

t h e  s o l a r  ticlc  and radiatiou pressur( to I,( i~,i{ I~d >,c []91 arid  [22]) a r c  ~tated ill tile slnall-body
fixed frar,lc as:

where I. is tllc pc)sitiol)  vector of tllc S/’( 1 III 1 I,( ! 11).i ~ fixc(l fra I(lc, Q is th( ro[at iolla]  velocity of tile
srnal] I)ody  irl the body-fixed fralllc, (1 i~ I II  j IaI ltitiollal accelerar.  iol) ;if Id (’ ) dcaoks t h e  tilnc
dcrivatiw with res[)cct to the body-fl~ctl t ! I()! iillnl [ralllf.

‘1’lIc g rav i ta t ional  poteatial  [J I)f t lit SIII III II() j is Il>ually  coljl~)utccl !f itll spherical tlarmonics
wlIrl I outside tile circurnsc.ritring s[)tl( r, aIJ IIt 11 I II ‘(;Y o r  (Isillq a col]cctiol]  of N tctrahcdra (essen-
tially rnodcli~ig  ttlc b o d y  a s  some arl)i[r:tt ~ }, )1,, ‘IIC(  (JII) \VIIeII CIOSC  L O  tli( sl)rl’acc (Ilotc t h a t  tllcre
is ii closed fc)rr]l formula for the gravilat](]ll  +1 v,, (, lit II of {i (cl ra)l[drii, src [’,21]). tj~)l]roxiiliatitlg  the
b o d y  a s  a  gcl)cral I)olyhcdron WII(II ( lost, ((, t , . ,]rl IIC works  ~iljL)rccial)ly l~ttt<r  tllarl frllir)g u]) tlic
slIa~)c rnodc]  wIt}I a col]cctlon of l)c>IIIt II I; I..:. I ( l;:)]

lrl terIll of tllc rc)tatiortal dyr)allli(.. I It’ {1(  :111: 1 l,odj, th{rc are two l~Ioad clas+s which a])ply.
If  tllc body  i s  a  l,rillci!)al axis  rotat!,~  (1’~ 1. ,JI il’ 1 is a IiOII prillci~)al  axi< r o t a t o r  ( N  I’A).  Jf tllc
body is ill 1’A rotatioli, then t,lic rot,{ i{)l,;ll } ,1,11 it,, !) is coIl>ilarlt ill tllc I ){ , t ly- f ixed frarlle and the
equatio]ls of Illot  io]] have  a  Jacobi  ill~l ~,r:+l [ [; 1“1 [1 ! , [18’1).  1( the l)OIIY is ill Iil)A  rotatio~i, thcIl  for
tlic t i m e  s[)alls  of iritcrmt it is acccljl:~il{ [(I I; I([( 1 IIC lt,t:illolla[ djJlarlli{  s as occurring irl to rque

free sl~acc, ‘1’lIcIJ, l}Ic angular vcl(,cit~  will I I IV t]) tvcll !irloivl) )I)otiorl  of a rigid ~)ody ill free space

slid car) I)c cxprmsccl in terIns ofellil~tit  fllllc:i(,i[s I 1,1]). III tt)is (aw Q is II() l(lllp,cr constant ill t h e
body-fixed s~~acc aild, c.olmeqac[ttly, 1 II( JII( I.) II IIItt ,,Ial is  110 lo[lgcr  co]ls(rvc(l

For  ~)url)cws  of  pract ical  d(’hil~,tl :11111  II I(II r> ~ :I[ldillp, 01 S/(~  [Iyr)arlli(s over  fa i r ly  shor t  t ime

sl)arm (011 tllc ordrr of weeks or lllorl~t!s)  II i~ II (Ii,] ,  sufllcic],l  to c,rlly cor,.,i(lcl  ttlc 211d degree atld

order gravity field of the body. lk,lxllili[l~  I.111 (1 ~ I( i:tiOll:il  sl ~ILc of tllr sIIIal  I lIody,  diflkrerJt  o r b i t a l
tllcorics ?lrJd alJ\,r(]xilt)atioIls can },(. al,}III~l  1  I I  t , foll{]~,;il,~, scctior,s W( l,aw al(JIIg sorJlc rCCeJlt

results discovered c.o]lccrnlng  the dyl[:ir~ll( ,. {I! :1 .>,“ / ‘ at]ollt  a stIlall I)ody.

3 . 2  l’rinci])al-Axis  }totators

‘1’lIC rilost iIllportar[t effect 011 S / ( ;  clIt,l[ ;ft l,, IIIC ,(11-alis (}’,4) rotator~ COJIC{rJls  tl)e  il,teractiorlj
or  lack  of  intcractiorl, Lctwecn  the r(,t;l( 1{,11 J, t{ (,f : II( h(.)~ly ;IIId tlIc  rotat ]{:,]] r:it(: of tllc orbit.  ‘1’lIc
~Jri[llary  cflcct, froll)  arl a n a l y s i s  l,oll,t of I II v , t. d If to tile 211d or(ier F,ravity  field, Which coIlsists
of the two gravity coefficients C~ZO  atId I ‘;, ‘1 tt, PI ,\ ity I)c,t<l}tial of t,}lis d<~,rcr is:

(2)
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where II is the gravitational paralllft,;r {-If 1 It( II() ), [r is tlIf drc]iI)alic,I]  of tl,c S/~ in tllc b o d y - f i x e d
fralr)e and A i s  t h e  lon~;itude  of IIIC $;/( II, 1  II, t ],iy-jixtcl  fran}c.

3 . 2 . 1  L’ZO C;r.avity

~ivcragil)p;  tllcory w o r k s  WCII to ~lthc I jl,~ III [m;ill  }Jtrtllrl];iti(,Ils t}lat (~:,(, g i v e s  t o  a  S / C  o r b i t .
Averagirtg tile [JPO potcutia] over  IIIC II IC; III :111011 a]y  yield>  t}le I)crturl)atioll furlctior):

(3)

Subst i tu t ing  th is  ill the I,agrarl:,( cql,;,ti(]l  s ( II l,~ioll slIcIws that tllc s<tlli-lIlajor  axis ,  eccentr ici ty
and illcli  Ilation sufTcr no s e c u l a r  I:(rlllll]iltlf,ll.l c I(, to this tcrr[t. ‘1’IIc rc[liaitlili~,  orbital clcIneIlts of
ar,gu IllcIlt  of {flc asccndi Ilg no(lc, ;,I~,\IIIl,II~ ,,[ [,( i:i~jstfi  il]l(l  t,tlc  II It,  iI iI (,JI[)CII a l l  IIavc sccuiar tcrIJls:

wllcrc

(ollvertil]g tllcsc cxl,rcssi(,ls 1<,  I,: III!, . i “), c aIIIl ]11(, J)(I ort, il >ifl(ls a cocflicieIlt:

1: ‘:,0
27r A:)l,  /11 - )“1 ., dc~)rcts/(]rljit~,. l I - ,.:~)2

(4)

(5)

(6)

(7)

(8)

(9)

orlc CaII SIIOW t h a t ,  irl gerleral,  (’:11 <: ~1 II I III] ( Itis corl<[arlt  is 1(ss (Ilal) YT//r~  d e g r e e s / o r b i t  f o r
a  clrclllar orl]lt. l)UC t o  tllvs .st.rc]Il~,  (111)  I prI m PII, it i-+ Illll,rac[i(al for :i l o w  orbit a b o u t  a  srllall
b o d y  t o  Illairltaill arl ir]crt,ially  fi>. (d (t ,It ( ~ ~ cl f o r  iriclillatiofls  of i I (1, 90, 180 dcgrccs. It a l s o
irnl)]lcs  t, flat, tlIC orbit IJcriod  cal  I :31s:) 11~.~ !Il, >i, [Iificalltly  Illot.lifitcl.

3 . 2 . 2  C:?z C;rrivity

‘1’11(:  ~)otcrltial  tcrr[l f o r  Cz? cxl,li(illy ,{,111 11111 t ,lci]l  tll(  cxl)rcssjoll  f{)r tllc S/(; longitude. ‘J’llis
c.ollll)licatcs tfIc  ~Jroccdurc  c)f dctl  II II II IrIIp t II s Itlar t:ff< (ts o f  Lllis ~,lavily  tcrrll. Mos  L c l a s s i c a l
stlldics of this })robleln  h a v e  cJrIl)’ I():IKI I : [ dI(. ,]]})lic-ati(lrl to l;artli, for wlli(ll  the effect  is  small,
arid  llavc Ilot  corls)dcrcd w h a t  ttlc ~.[,c,~ll,lr ( I(, [s ~ IIllisp,l alityt? rll,:ir(ill g(rlcr:il. ll’orsr]lall  l)oclics,
wtlcrc tills tcrrrl caII L)ccorllc qlli~,  I;;f},( IIF( Ill Ls I,(cor[lc dyll~lrllically  si{),]lificarlt and aflect tllc
orl)it sclrli-Illajor a x i s ,  e c c e n t r i c i t y  ;trll ill(lil1(1( I  ill a l)ol~rltially r[l:!jc)r \YiIy,

IImtcad o f  dcalirlg wit]! tll( SIIIIWl  I ;,,II ,Is and (cccrltr icily (Iir<ctly,  i t  i s  rnorc u s e f u l  t o
corlsidcr tllc orbit crlcrgy (~z : 1//(:)0) FtI,ti (Ii, ar[~,ular  Illorll(,rlturli  II :
I)ccrl cstal)lislicd that irltcractior, (If 111,

~/~ia(l  - c2). I t  h a s
$ /( ‘ or :,il willl  (t]c (::, z cocfli{i(,  rit car] cause a p a r t i c l e ’ s

ct)(.rgy  to g o  frorl] a IIcgat, ivc (I)clllltl) ifi II( I(I I ])ositiv(  (Ily])crl)c]lic)  Villll(>  arid  v i c e - v e r s a ([18],
[ 1 9 ] ) .  ~$’orliirl gwitl)tll eort,itcrlrg,~  ::11{: 11,11 i- rl]()]]lcll(ur]l  allcIw for tllc orl~it tc) cllargc f r o m
IIyl)crt]olic  to  cllipticor vice-  vrrsz }Vil]l,ill  SII {),L I:ility,

‘J’llcrc arc t w o  al,j)roachcs  f:, t (1, liiul~,  III{ t yr]allli(<(l  cfl’cct (If (’:,, or! ttlcsc varial)lcs, b y  dc-
rivirlg lIIC diflirclltial cquatior] dir!(tl}- f I 1} IIC f;,, irl~, tlIc  [)ot(tltial ])ric)[ to dcfirlirlg  t}lc cfifl’crcrltial

I



equaticrlls,  WC arc in teres ted iIl dettrllii[lrl~p,  III. c l  IIIgc ill t}lrsc’ VariiitJICs  ,“I\’er o n e  passage tllrougll
perial,sis, eit]]er frcjrIl al,Oa~jsis  tc~:31,<,:tl,>, j.c- jI,lII, x 10 .1 :m for a lly~,trl)olic  or parahcllic orb i t .
‘J’hc challgc ill e n e r g y  as co[nputcd  fIo(il  (Iit :IV,IE IId p(ltvlltial i s  difltir(rl L frolll  tl~c cl~atlge ill elI-
crgy as coInputcd d i r e c t l y  fro]n tlI( 1(,1{  \ 3111 dlli( .iltial (yl[)atio]l, L\’c w i l l  SIIOW  tllcse difl’crencm
and discuss tlICIII hriefty.

Given al] a v e r a g e d  l~otcntia], [lit tlI(II.IIIII Ial I luatiorl for theclla[lg, ill ortritalencrg;y is:

( l o )

where ttlr averaged ~mtcntial is:

Starti[lg  frorll  first  prillciplcs, howcJr, tl, ( (v.;I( I d  ‘I(rcnjlial  1{.~uatio[l  is  d(livttl to 1x.7:

Wllcrc (JZ:,  is tll(, g r a v i t y  p o t e n t i a l  <,f 111(’  ~ ‘: , ,) ra ~ty CO CII1(  icIlt  aIId ttl(, till]<  der ivat ive  is  takel~
w i t h  rml)cct to tlIC inertial rcfertIlc( fr;~lllt. ‘i I r( iIIcc t}IIw  twm e{luatiolls t{) a f o r m  s u i t a b l e  f o r
Collll)arisot), irltcgratc I)oth  o v e r  oli(, ctrl,il f III I t, c):il)si~ to a])oa~wis  (CJI frc)ll] -  LX to - t  x for a
p a r a b o l i c  or ]Iyl)crt)o]ic  Orl)it).  F’(jr (III  :11, I<t I (.{ (Ii ‘trcnlial ((luatiol), th is  .IIISI irlvolvcs  Inulti~]lying;
by 27r/n. For  thr exact dif~ermltial  (III;I1 I( III I I hi ill. :Ilves iill ilitcgrat ioil cq[lilffile~lt 10 the averaging
pr-crccss, ait,hougll  yicldillg  diflcrcrlt It; IIIIL f~ f III ‘: Icr)ll. ‘J’tlc r< ’ su i t  is a cllallp,e  ill orbit  c~lergy
over one orbit:

or

(13)

(14)

}’ertaillillg to tllc averaged and exact (( ILI; II 1)1~ , F.l , lively. ‘1 IIC fullctioli~ 1~~,({,  k) are dcfilicd  as:

t ,.
I;;, (e, k) :

/ ( )‘Ii, c(!,f “

1/1
Cos( ?nf YkAf )(ry

.,1.
(15)

wllcrc f)m, z: 7riff<l, and0Cm= cc),’ ~(. 1/( ) II ( , 1, j is tllc t rue  a] I(IIIIaly  of tlIr ort,it,  (dciiIIed
for elliJJtic,  j)aral)o]ic arid  hyl)ert]olic  c,rl)]l>. I ,  ,1 i t}] lIIcar I illl)Illaly(,f 111[ c,rl, it (wllicll  is a functiorl
of t r u e  allonlaly f o r  e i t h e r  a n  cllil~tit  , l,{IIIIC ir ,:)r Iljljerl,c,lit orl, it) aII(l A : “.I/~~, }vherc w i s  t i l e
rotatiotl rate of tile slnal] body ,  all(l 71 is tlI, I ( 111 II ! tioll  of Ille  S/(1 [Irl)ill  or its gcncralizatio~l for
IIyl]ert)olic  orl,its. ‘J’IIc illt,cgrals  l;;, (atIrI<Il }~1 f 11~1 IICY1 i~t cl{}sed forllj ill p,c Il(ral, a s  t h e y  coritain
r]l]xed  Ler Ills relat][lg tltc t r u e  ano]rl;ll,y  ilr ill  1  II( III< III arloIl];i  y.I ‘J’tI(y caII, tl(~wcver,  l)C e v a l u a t e d



Ilulnerjc ally  alId the  author }Ias v, I it I III c, ,11 ml II pcrlo] IJIS tlIc,. ( rvzilll:ilic>]ls  f o r  cllil)tic, I]arabolic
or hyl~crbo]ic  orbits.

~learly, t h e  uuInlwr of c\: Ilu:IIII  IIS (> i III lul,clioIls  1~~, IIecdcd  for LIIe averaged case are less
t h a u  tllc cxacl case. l’or ecccntriciiit  [I,I;il~I Iiarl ,- 0.!) tllc t}vo rcslllts a g r e e  v e r y  w]], and  the
.avcrag  ccl result cau h used ]rl ,p,~ [J(,ru I  t  r I , (~ Ifric]lics 1(ss tllall Illis t}Ic avcr:igcd rcsu]t hegirl  t o
diverge  frolll the exact results arid  hlI(IIIl(I rl~ II t ~~ IIsed,

‘1’lic equations of cl~all?,c fc,r tlI, [,tlIv II(,I l,]lts (,f il,terest (i aritl h) over  orlc pcrialmis p a s s a g e
arc:

‘1’llc avcragml I)otcntia] r e s u l t s  fI II I III ., If iIIf.  (. do IIc~l suft’cr Ilic  SaIIIC [,rot)lc]us  a s  f o r  the (:z
tcrrn. A c.artful derivation of all tiI(:.~ ~ 1 III I:JII AIIo\i 1 ]I; II they arc valitl  for I)otl] cllij)tic (e < 1 ),
l)aral)c~lic  (c I 1 )  aIld  llypcrbolic  (f :> i ~1  (1 t) Is ~, 1s0 IIs<.fIIl ar{’ lillcari7t(l  rx~)rmsiolls  for the cha  IIgc
ill ort)it ~)cria~wis ancl ccccIltricity:

It is itlll)ortaIlt to IIot,s It(:tl l~,;,l  :} II ,, I for 7rt > 1 ill ~ ,Of.ll~.r:I]  :,,s it irlll)lics  that, WIICII

r’ > z/Y that tlte r e s u l t i n g  Cha II/l)l ill , II(r ,,~ ;III I,crll,l,si>  for orlc lIasstif,c  t)cp,ills todccrcase, aIlcl
t h a t  fori: 7i, tllc]lct chaage is ill fa+[ :11 , 1  11 id, it i~.wll{:rj tlltil, cli],:!l ic)lloftllc’orl)it isIllucll
larger tllarl 7i/:?, tllcIl  thedyIltilJ)lcs{)l [Ii{ { [lit I call  l,c v<cll aJ,l)rC)Xil lliltCLl l)y t h o s e  o f a u  ort,iter

.1.at~out  aJl ol)latc pla Iict.  J IIIS ais( I SI II )~,l:. 111; !1 tl s / ( ’  IIl:ly t)( S?lfcly fl(lw[l  C]os(  to  the endsof  t h e
b o d y ,  if ffow]l if) arctrogracle ori,it,

‘JIIc followirlg  p l o t s  gi~c :, ft~! : ),, I} 1  ttI IIS c,f tllmc <x~,rcsiol~s.  l’lot XX slIows,  f o r  a u
illcli~latioll  of O, the cal)ture and  [,i((ti!]l r ,(1111> I a S / ( ’  :il]out aslllall lICICIJ.  }’lot 1 sllowsccrl)tours
C)f cortstailt cl IaIIgc irl a~)oa~mis ra(]i  w}. ;I. ,1 I’1l :11 Ii I o f  ~](,ri:j]mis ra(lius aII(l (.ccclltricity, this l)lot  w a s
g,cueratcd for a b o d y  w i t h  J(,l’. ;\:J(  :l,/(lll:’:!f liour>,  ar],l wit]l aslIa~)( !vitllratic)s  1  :0.5:0.5.

olIc filial lIcIt,c t o  ~llati(,  1}1~ (} I; III III (t i t  si7c  iIIICl s}ia[)c  CaII })c corll~)letely  norrnalimd
ill tcrltls of ttlc b o d y ’ s  sizi. ‘J’f II Is, tlII III; IIp,( III slIal  Ic ar)d  si~r is (IIIly  a fur]ctio~l o f  t h e  o r b i t
sl]a}]c (eccc]ltr icity) arlcl rclativ( >i, f(, (11( rI II I, I Ifl ius cx],rws~d ill tcr]lls o f body radii). The body
dcJ)erldcrlt  tCII IIS whIcl  I e]itcr the ( XIIII +IIzII~ ;il, llIc ]]()]i.tl]rtl(rlsj(j~l:il p,]:ivity  cocflicirrit ~;~:~ aud k,
wllcre k m l/{pl’z a u d  p is tlIt l,IId~ <111 .i i a (i Y’ is t,]l( lIOC]Y”  S r[)ta(iorl  I](,riod.  ‘J’his allo>vs f o r

.gcrlcral  statclllcrlts tot)crl]aclczlt)j{lt  111(  tO, II< III I .} Ofsl)lall t~(,dy Orl)it(]s i]ltlc])crldcllt,  of tllcovcral]
size  of tllc body irl ques t ion .

3.3 Non-  1’rinci]Jal-Axi:J  not :-it{)] >

‘J’lIc situatioIl f o r  nou-pi-iucipal a.. is. Jot ;It( ~ (N] l’s) i~ {c)~l<idcral,]y  (Ii fl’crc]lt.  IIoclics with all NI’A
rotatio]l Sta{c  arc considerably I}i{>r(,  r ,ITI. tlI:i II Iifir }’A ~ouutcr})artsl y~t tl]cy  do exist. Usually,
sucl~ b o d i e s  arc coIIlcts, althou!,ll t II< II ;{ : II lrllber  of (ollfirlltml caw,;  of asteroids }vhich arc iIl
ar) N1’A  r o t a t i o n  s t a t e  ([9],  [1.!I]) A C(II Iii ,~r { II I ,ictf  I i~~i[ of all of tilt,  X 1)~1 asteroids is ttlat their
overa l l  arlgular-  rllolncnt,  um  IS quilt sIII: fill, !.i, [III 1,0 l{orl~, r~laxat,ioti  tilllcs,  If this Ivcre Ilot  tll C case
tlicsc })odies  would  llavc re laxed IIIt{) },rirl 1]:1 , \:Is r,:~t:jti,)ii al)c)tlt, ttlcir Iargcst Irlorllclit  of inertia
wlt,hil) a relatively short tililc sJImI, a< Ilii,  i: I h! ,stahlt r(, t atiol]al TIiod( for  suclI bodies,
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l’ig(]re  1 :  ILelative c}langc  i n
ecccrltricity for a () iI)clirlatiorl
body

Sil)cc  [(2 I << 1  irl g,crlcral tll(  lr:III II t , lIa ,~,es d u e  to tl)e (.’:):,  ((rt[l  Inay  b e  igIlored, at

first  order. ‘J’llis is seen in the avfr;!v)ftl  .’i( : r(st :1 wll(,rt~ J}c rlotc  t h a t  tl)c  c}larlge in energy i s
prol)ortic,llal  t,o tllc arlgu]ar  velocit,y  of (,11, t,, l! . 1-1 :illiorj ral(, a rcl;itiollsliil~ ~vhich also holds true
fol tile e x a c t  r e s u l t s .  ‘J’llus,  the lIIfijI.,1 ,1> I ,r, I, I  [ Itcts are (Iue t o  ttlc  CT:JO c(wflicierlt.  l’c,r longer
i]ltcgrat, ion tiIIle sl)arls  i t  may bc II{{-( s:. Ir:, t, IICI dc hi~, tlcr order l,(rt[is  >V]lic}l yic]d  il]stabi]itie~
(such as L’:10).

‘J’IIc ~m-t,urbillg  grav i ty  pc)terlt  ial is t I,( I

u:>{,  ~ /! .,, ,
:), {’~, ,,, ::(1’2 1,):’ 1] (21)

\V1ierc 1’, :- [cc,s&cos  cY, cc,s6si]lci,  bi16] ;I,I,I I  111 J I (or (Icscrit)irlg  llIC ori( rilatiorl clf tile syr Ilr I1ctry
a x i s  o f  tile bociy  ill i n e r t i a l  sl~accl wll(rf i 1~ [Ilj (1 : irlatioll <IIId o tlIc  rip, tlt :isccrlsiori  of the pole
and r~ is tlIc  unit,  v e c t o r  dcfirlirlg  iii, 1,1)..II  I< II f I I, S/(.1 ili irlcrtial  sl)acI.  l’or  N1’A  b o d i e s ,  t h e
“J)olc.” o f  t]le  b o d y  rrlay  rlcr lorlgf,r lIf ]11( II If.1 fr III tilt rl+axirllllrll  IIlc)lllerlt c~f irlcrtia, h u t  m a y
a l s o  bc rllcasurctl  frorll tile IIlillilllul,l  rll<,ll]<h( ,! i ( rtia, del,(lldirl?, C)II  tllr sl)ccific  rotatiorl s t a t e

t h e  I)ocly i s  irl. lrl gcrleral, the dcclil,ltitl A ;I , 1 I lu,llt a..crl,sic,tl  o are furlcti(, )ls o f  tirnc arlcl caIl
bc cxJ)reh>cd cx}~licitly  ill tcrrns o f  elli~jl I F\IT [ I ! ,II; I [ 1 4 ] ) .  III ,gCl(cr;il  tllr (l[cliriatic~rl  fi will librate
about,  soritc a v e r a g e  value arid tile rlp,lll :~.[t 11> 11111 I wjll ]IavI.~ a  sccr)lar illcr<asc wit]l  tiIllc. ‘J’lle
J)articulars of tllrir e v o l u t i o n  cfel,cl)d:- 011 I 1 I )]:, i (luestiori rr~airl t\vcla~,illp,  this I}otcrltial  o v e r
oric orbit yields:

I(2O :
/!”

1(’ ‘:’’’”: ‘“:’ ‘),) [1 3(1’, ~ r,,)”] (22)

w h e r e  r}, : [sill flsirl ~, - cclsQsiIl  i, CIbi,  i Ill ulit ,{ctc,r  al{~IIg  tlIC S/(; orl)its’ osccrlatil]g  arlgular
rllot!lcrltulll vect,c,r, N o t e  that th is  l~{,[c]][iil i I il,l(  ia.ryiri~,. ‘1’he seirli-rll:+,i(]r fixis arid  eccentrici ty
IIavc 110 sccu]ar terIlls with t h i s  l)cIl Illlilq, i) 1, IIii, ‘J’l Ic rclllaillirlp,  or})it:,l  el(r)]cllts llavc secular
lnotions describcxl  by:

I o



(24)

. .
*

‘J’lIc o r b i t a l  ,lclne~]ts  of Inost  i]jt(:rml  r, i II, I 1, liriati{,li  aIId aIg\IIIIf  III, o f  tlIe  ascend it]g Ilodc,  FM
t h i s  J)air  forrll  a closecf set slid ttjcit vi :Ilr  III II (1 i!cs (IIC rvo]llt, io]i o f  tfic  ot]lcr clcrllcllts,

‘1’hc Illotion o f  t h i s  sysl,IIr l,;i. :, ‘,, II :(lcstitlr, cllzrlacl(ristics. l’irst. tllc irlclinatioll  irl
i n e r t i a ]  sl)acc IIas large, quasi-~)c]icjtilt  \iil  I,il II:JII (IUC 10 t}l{, II)ot,ic)tl of tl!c  a.; tcroid irl illcr~ial  s p a c e .
la sol,,c cziscs t h e  iT)clinat,iol, c:(I, cr,.. I’r,,li] dirtct to a retrogr;ttlc orl~it,  o r  v i w - v e r s a . I’or
IOngcr-krlj]  in tegra t ions ,  th is  I)rul,lclll  i: 1 N 1(.1( I aIl(l t,fl( ,ff”cct of tllc (J:+o lcrl[l of the gravity field

bcco]llcs ilnl~ortant. ‘J’he e f f e c t  ,lf tljls t, ] ~ is (j p;i)(  tlt~ c(ct:rltricit} a lo[lg-tcrll] d r i f t .  A t  t h i s
]cvcl,  [Ile t h e o r y  rllus~ colllbillc III( JIi, hrI II I I I, lrf,u[ncllt of peria~misrg(,,,,~],(  (If a~Ce,,c}iljp, ,)(,1]{., .

. . . ,
.alld ccccnt,  r)clt. y. 1 IIc rc]cvarlt,  arl;tlj sit. i., ~ ( t,, t ])(rf’oril,cd.

A  c a s e  ill poil)i is the ast( ri)i(l )111)(: It>, 1(, r I!lli(ll aII dcc[lralf slIaJ~c  fIIodcl and r o t a t i o n a l
st, atc exists ( [{)]) .  ‘1’]lis a s t e r o i d  is ill r],.) ]:111 il,al axis ]otaliorl al)OLIt i t s  Ir]inillluln rnolnc[lt o f
. .
IIlcrtla, i[’s  IIutzrt ion ang]c  is a]~[,rt)~:lrll;jl, ]) J() ;Illd ]Ias o v a r i a t i o n  o f  ](’ss ttlarl OIIC d e g r e e .  ‘]’]Ie
]~rcccshioIla]  ~Jeriod ill i~lcrtia]  SIJ:I, ( i, .IjIl>rI\ii ; (Cly  7’.51 d a y s , lt,s ?JI(I order gravity field (with
res Iwct  to i t s  ltlil]ilnurn lnolner)t  <)] iIII( lti;i o, IS) .

); (”, (},7i’i’o:l  kfll:’ (27)

J :’( ‘:l 0.01(;3  kill:’ (28)

Notv tl]d.i tf]t, (,’20 tcrntl 1s ~)os]t]vf,  :(.: ,1,~.  III, [( } fc I  ~1 ])r{,l:ltt  ~J~}lcrc,id rat!lcr, al](i l}lat (11(,  {.’;/2 tc’r::i :.”>
srllall. IFollolvir[g  a r c  sotne p l o t s  (If lltf I!’ ,Iliio {If t,}]( i)j{]illatioll aljd  iirgur]lcllt  of the ascending
l)odc,  Ilote tllc quasi- ]wriodic  vaI i;al ICIII. II t I, i I Iirlati(,l],  w}lic)l al)c)\\ 1,1 Ir CIrl)it t o  switc}l  bct,wccn
direct aIId rc(rop; radc orbits  over 1 il}lf,

3 . 4  l)cfi]litio]l and Co]l)])lli;llj<)]l c),I ,Stal)ilil,y  Measures.
‘J’lIc at)ove, rllore a n a l y t i c a l ,  t,tl(t,ri{s. ;i~ 1111f I \YIIcI, ,coll>idcrill~; itld]vidua] s~~acccraft  o r b i t s  o r
dcsigrlirlg s~)ccific trajectories. It i.. :{]s(, M, >,(r: I(, u)l~ltr>fal](l  tll(, Icw, tallp,it)lc i s sues  ofs~)acccraft
cfyllal]lics,  suet ]  as  whc Il the S/(; is irl : CII; I ,[i(  ,J{)]Ic (,r \IIIc]I it is ifl a r<p,io]i of bc)ur Idcd ]notiorl,
Sliolllcl tllcorljit  licil,, orc]c,sct(, :Lc}I::t[I ,~,i II of f~}k:is, s~)ace, llIC]I tl]c  l,rcdictcd ~llc)tioll of the
S/C\vi]] t)c{jllct,rtail, alldt]]c firlal,:,l,l(,  ((l,  olii}  ;itltl((]  or],  iLi  I,(ll](.+tioll,”  \\’tlel!  flying  c](,sctosrllall
l~odics,  t}lis i s  a  ~Jcrtitlerlt  questi,,ll  I I,- ( ., II], olxxrv( lht rc%(llts of :1 hlc)rltc-~~ar]o  sirnulatiol]
wllicll  t r a c k e d  tllc filial  cvolutio]l t)f [i I(1! !III; ,III II l)a[ticl~~  dra!v]]  al, out aII i)litial t r a j e c t o r y  }vith

. .a  Imsltloll  Ulicertaillt,y  c)f 5 IIIe{, cI~ III(I , \, I , i[, ,Itlctltaillty of (11 111111 /hLr, N(jtc t h a t  t}lis s]nall
. . . . . .

dlflcrct)cc III IIlltlal colldltlc~lls  Ica(l:, 10 ,Ir<; 1), :i l], .liff’(lcltt  lcccrl(~ir’iti(s a[lcl scllli-lnajoraxcs afLer
otIly  tcrl days (which corrcs~)c}rl(l: I(I i411111)  X!lll Z111J’  (II  I,’ (Irl)it  ill ttlc ll,lllliltal ort)it). (;learly, the
JJcrt,urhations  actirlgoll t]lcorl)it :II(S!IIJII I, II ICIL,lI  tol)e  ctjaract, riz(l a~cllaotic,

‘Joclct(cttllc stal>ility(c)l  IIOJI’1  1:1111 (11}1  t Or}lit$. ii llOlltSI[lilll IIcldics, thcllatural technique
i s  to usc ]Jillitc-rJ’irnc  ],ya~)ullov  c’l IaI; II I(,I SI II 1  i~jo]l(rl[s  (1’’1’1(’1,  scc [?(i]), ‘llIc ~)ro])agatioll  o f
Llrlccrt:lilltics  (covariartcc)i  sgc,v(lll,, i I!t ,:1:, trarl~iLi,~ll lliatrix :! Sho Clatd N’it,h  :1 traJCCtOr~:

(30)

[
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wllert,  y is dcfillcd  as t,llc F’I’J, CI1;, ,~, is ;I II i.; ,,, ( ll\ril’ 114- of tlIe  IIlatrix d’(t, i,) aIId t is tile tiII]e from
tile  i)litial cqmcll tO. For  a  true c)~ar:~cl, IJ7 1] I I I  I) f ~~ tleth{r all or})it 1s Cllac,lic, the lV’Ij~l; ]nu.st bc
evaluated as ti]nc grows arbitrarily l:il~,t,  I II Jr (i t h e  co]rll)ulatioti  is collsider(d  coItkplctc  if tile
l“I’I,  CI reaches a  fil~ite p o s i t i v e  (or IIcf,:Jl ,( ) ,111 or if it colltilillrs (Icf r~ahitlg  in rna,grlituclc  as
t,ilnc  increases. l’or ~Jractic.al purl~osls.)  W( It ‘; II(( ,1 to ull<l(lstand ttlc  I)(lravior of  the  eigellvalues
o v e r  t i l e  tinlc tllc o r b i t  solut,ioll  is d~sirt  {1 1) I,t l~r ,Iicta},lt. l)elml)dillg ol( 1}1(, circu~nstallces, t h i s
could  range frolll a few days to wccfis  or 11101 L]..

A  related issue istl}c.  cc)~l]})\lt:il  io)l{( l~! II llii~ l,]l)its fil)(,ut  slILall l)odit’.~ (I)miodic in t}~etrody  -
fixcd  fra]ilc). Wllilcthcse ort]its ]tlay  l), IIIlf t:t III{III tll(]r  (~wlI right as I)oisit)le  S/C trajectories,
tllcy have  a  cfcc~)cr s i g n i f i c a n c e  ill trrlll~ it lit })1 +( S)):I(C  :’~t)(JUt tll(’111. Stl OUld a  ~)eriodjc  or}~it
hestahlc, then trajectories in tlleslllr,)llll,lilll Jll,a< ::l)a(f \;, ill lIavc  r-c>gu]al (Iuasi.l)criodic  ]ootio]ls,
‘1’llis tells tile arlalyst tha t  orb i t  utlcr rtall~(~! v. III ( IIICW( pl<,!)agatr a s  a ~mlyl~oll}ialin  tilne, allci
tilat the ~)articular  S/r20r}jit will rtrllaifl Il)lwl[i,  (t Itci ‘(sale’ for loII~; IIcrif]cis of time.

~ollvcrscty,  ifal)eriocfic ort,it islll.1: III ( 1111 tl<tjcct(,rim  ill ttle >llrr~,ulldillg  })ilasc s p a c e
will diverge cx~)o~lcntially  froln tile t,rl))[. t 11[1 IfIIr m, ill llli~ situatiorll tllf ullstal)lc ~llarlifolcfsof
tllmc orl)its iwcoIIIc  illll)ortal)t, a s  Il,(y v,:il][i  r I)VC :)omc rc{,io}l  o f  IJllas{  s}Iacc alId atly S/C~ ortlit
wllicii  Cotflm s u f f i c i e n t l y  close  to tll(lll }vill fsIll 11:1~111  Il\cir illfll]crlce, at lcas[  trlllporarily, aIlcl follow
an exl~oncrltially divergillg  pa th .  ‘1’lltls, i i ’  ii  S( I(  (II filt)ily  o f  u!lstal)le l)c]i(,(lic  o~bits  call be f o u n d
in  so[l)c  rcgioll  of the I)llase  space,  tli{:n i. I l~it J lt,l,at]ili[~ l})at S/(~  orlji[s itl tflis regiotl  w i l l  tm
chaot ic  and will I)c, illhcrently,  urll)rcih(lf!ll< I :) :,,)1 ,( rcs,:j]~]t,i(jl] o f  IIIt;t+liltttIcII[, ‘J’llc coIl)l)utatioIl
of I)cric){lic orl]its a]lcitllcir stal)ilityi,-l c:.ljl,l$,l( lc~tllc  c(lltl)lltziti  c, Ilof}’’’IJC1; ls’s. SW[18],  [19],
[21] al}d [5] for f(]rtlicr discussio,ls  a,,i t 7,:1111,1 (If  ,I,ricrt.iic ort)its al,out,  a~tx,roids,

4.1 Retrograde Orbiters

‘1’hc  silnl)lcst, and ~nost ine.x~~cnsivc, ]II;rIII, I It I N] 1 Ii tto lIJ clcm tc) ttl{  surface o f  a  b o d y  i s  t o
fly ill a retrograde orbit close  to tlic qII:Ii I ,iI.‘ I IIla I , o f  tl, c h(Idy. SUC}I  aII orl)it calI t)c c o n t r o l l e d
a u d  flowl I fror[l t)lc  g r o u n d .  ‘J’his alI~~]CI:l(  II a ..IIIIIC that tlI( },ody is ill, or is near, prir)cil)a]  a x i s
r o t a t i o n .  III this a~]proach  tllc S/(; flih ,qiill t ( If ,)tatiofl I;Il,  e {If tllc l>()(ly (i.e. a t  arl i~)cli[latiorl
of 1800). A s  was  rlokd p r e v i o u s l y  tl]( clrl)il ,f ill SI littl( v<; riatiot}  ill its sl]a},e  or size (even for
near-c i rcu]ar  or-hi ts) .  ‘J ’here  will bc lfirj,,( w :11, IT rat \ ill its arp,u]]~cllt of ;iscctl(lirlF, IIodc  arid  in its
argulllcllt of I>cria)m is, clue to tlje (_.’2(l 1< I III [ III g ,vity fi(l(l.  (~}lar;i(tcristic v a l u e s  c)f tl)csc r a t e s
fc)r var ious  l)odies are giver) ill [18], [1 !JI, ~;’ II i I,,  [? IJor a c i rcular  S/(” or i)it just above the lorig
cuds of a l)<Kiy Wit,ll a shape ratio of I :lJ. !~:l\, !I, Ill, SI Illar ri)t(  > ill ttl<->( alI~I.l(s  a r c :

(31)

}vllcre p is  t}Ic tmdy d e n s i t y  i n  gIal IJs ~It I rI IJI( c Iltilnt tcr, ‘J’lius] clcftriy,  ill] c,rbit  o u t  of t i l e
equator ia l  ~)lane will have SUL)St Rllf,iii\ ~]rc(t -.s1o:I III i~ ,r(ial s{)ace,

orl)its  suclI as these Illay trc cxl r(,)li[l~  : :1 Ilr rid ustful  for saf(ly orl)it  i]lp, arl asteroid at low

a l t i t u d e s .  111  fact ,  tl~c NII; AIL missior)  Ivill fly ,111 II ,rl orl)it f(~r a  siza},lc  f[,l( Iioll o f  its rllissio]l  irl
orcirr to gcrlcratc lli~;h r e s o l u t i o n  illld:),~llj,, f I{ t II, hu ;Ice ([16],  [q).  ‘J’tl(’ (Itaw’ I)ack to suc]l c)rl] its

‘.’
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i s  tlic llip,h rclaiivc v e l o c i t i e s  t)[rwtc[l Itl } ,’(’ :ICI tllc a~tcr-oicl ‘1’ilis relative velocity may Inakc
i t  i~tll~ractical  tc) use  t,ltcsc l o w  ot})ils  ;,. s iI 111/  :;rca~ ftIr ill sit,u lllc:i~l)ltrll(,llts, a n d  CaII blur IIiglb
resolutio~j  illlagcs of tile sLlrfacc ]’()) ,)11[ .,, [[1 ]IIodt,l t)(,dy,  tllr orljital sI)ccd  ill t h e  b o d y - f i x e d
systc[ll is al)i]roximatcd as:

1 : ((1 :!l’! ~,; 1 ;45/:/’)(Y 111/s (34)

wtlcre m is tllc longes t  dil[tensiofl  (,f 11,<, 1, ,i~ II I:ili, ‘)’ is t]le  ro ta t ion  I)[riod of the body ill h o u r s
(a[td p IS tll~ d~lislty a s  Ixforc. I,(IJ ti S[)li 111 {111 I  witlJ  a slolv  r{,lat, iotl and p = 1  g/cc, d = 1 kul
and 7’ := 12 ]]ours,  the orbital s[)o,I.I i> ,!l~i ( IIIZ 1 (W ().41 Iri/s), j)crlla]~s  lrlakilkg  it feasible for some
s o r t  of III sitll sa]lll)ling. For al) a~l(r,,l, I ,111 II L. l~rch, v:itl I p : 3, (} : 20,  7 ’  = 5 . 27  t,hc rc]ative
s}med increases  to  15.8  m/s ,  clea]l~f 101 f’; ,1 I(jr Illost coJI( <,ival)lc ill sit [1 o[)(-ratiolls,

‘1’he s])ecific  ort)it whiclt  N If 1( uill (1, is I ;;b iil II ri, (li Us o r b i t ,  wit]) relative speeds cxpectccl
to bc  011 tl}c order of 5- 10 m/s,

‘1’lIe collce~)t  of fixing  a S/C’sposilioll II III 11111 s I;ICC,  ]rlalivc to tlI{LSII  Ia 11 l)ody, is ano(lier I)roj)oscd
rnocle  of opcr:LLioll, ltC&SOIIS  f o r  \\illll  ~lij,  (( (1 11 . vary, tll< usual l,citlf,  a d(sirt to set u~] a lalldi[lg
f l i g h t  o r  t o  ac}licve  solrIc  in  s i tu  ],,,{,.(]1< II J, I ][ [ l)ossi}~l( fro]]] (,rl)it. ,Jl,otllcr aJ)l)licatioll lnay bc
to fix tl)c  S/(; illt,o an orb i t  that ,>tay~  III II, ~u I sid( of t I,c sJIIall  I,o(I!’  for SOIIIC ex tended  per iod ,
j)cr-]]a[)s  to Su[)l)ort  a~i irllaginp,  (,I lll:,lll~ill : ,JI Ip;tip,ll. M, hut viat,  ]c al)~)liratiolts  of such llla[~eul’ers
:LJ’C oJIly pc).ssible at very sln  all l~c}<li(.:.,

‘~’l)e concept of fixing a S/(’ II( ]111 .i ,’ :,plfc JJitll  res])rx-t to a stI Ia II Iw(ly  is really just an
cxte.~isioll  of tllc collcc~)t  of a IJiif,liill{, i;)ll J 011:1 : ‘II )ut (I sIIIall }Jody.  ll)d(~d, givcrl  arl aI)propriately
s i z e d  aIId dcsigtlcd thrust, co~ltro, a !;/’t”’ ~ fill cl! [,>c i!ll arl)itr:ir~ !)oir:i :Ilc)f Ig t}!e body -.su~l  lirlc Lo
rllairltfiill. ‘I’l  Ir rlccessary  thrust  to r]l:]illl :i II ,r](l :IJI (,]l)it i s :

j ‘:, -- 3V’”1 (35)
,.

wllcrc N’  is tltc slrlall b o d y  orl~i t’+ aIIfII  III, 1,,1( lot J1l(\ ill, SUII all(~ 1 is (h(.  S/C diStarl  CC frorll  t]l~
srr~all  l~ody towards t,l)e sllrl.  1{ ’0] tlif r !’, i II (If ,I[ter{>[  II) us W( CaII i~,,l,(,rt t h e  N’;) tcrrll. “J’llcn,
tile cost, of Illaillt,airling a specifi<(!  I.11.I;II( ~! ~ IJI ;I l,c,dy  l]~illg  a  c[)rlti]lll(,usly  t}lrusti]lg ertgille  earl
be cortl[)utcd to bc:

w h e r e  p is the l~ody Clcrlsit,y ill ~,,~f ( , I ,, i  1!(, !taTJ radills o f  ttlc I)o(ly atld i i s  ttlc S/~ r a d i u s
rlorl-cl ltllcrl  slorlalizccl  by tl]cllicarl r:i(lilj~, ‘1 IIm.) (1 I cost of Ilovcritlg, tit a s[)ccificd  ]lur]lt)er  of radii is
~)ro~)ortior)al  to bot,l) the dcrlsity :IIIrl t  I!( 1,~f r,t II i7c of [II(, body, ‘1’tlis al,J)roactl  is clearly feasible
f o r  s~[~all bodies 011 tllc o r d e r  o f  t( f(v: ki ,TIII  t[ . arl~l willl L}IC rlor]lliil  railgf’  of derlsitics, where
llovcrirlF, ~llay ho sustained for  a  j’( v lto!l~ $1! II ,)lllrill .\\” ]Wrlal t}’.

l)ractical i]l,J,lerl)crltatioll of 1 Iii:. ii[l~lo ~~ II ,lai]t> al)[orlornous  llali~,atiorl or accurate IJIOdC’k
of tllc small body arid  the S/(; ttlril.1  IIL{I, : }> 1{ r! l’or alrl,)rlorllolls colltlt,l, it is necess:iry to  have
a corn~)lcte  es! itllatc of tile S/(: 1)1 ,:. it i(lt, 1  rl,v$l( I!(c of tlI(  rarlge or altltlld( a]ollc  is IIot sufficicr]t
a s  t h e  lat,eral dis~)lacerllc[~t  o f  tllf S1’(’ N i I l,, ~ I lhscr ie{l arid co{ild vrIy easily  l e a d  to tllc S/~,
divcrgirlg  frorti  its clesired  p o s i t i o n rilllf (}1’,1, IL, this CI:IW of (Ill)its  arc a gclleralizatiorl  of tllc
IJagrarlge ~)oirlts, tllcy a l s o  irlhcrjl t}I( ills’:1’llit of tll(x(  orl)its. l’urtl, crli,  ore, t h e  tilnc s c a l e  o f
t}leir  i]lstatiility is  cll}tarlccd  by tli( a],l))l(  l’ i{ II (II ;,fl(li[ioll:: I forces aJId  I,y Illovirlp, tl]e  S/(; closer to
t,lle b o d y .  Arl cstirllate of tllc tirll[ sctil I (If 11, ir I i;l,al]ili(,y  is givei) t)y:

wllcrc l; is tll( t,irllc scale  irl rllilll[(,>,  i I.. t},, : I(I I., of t]], S/(~ rl[~rr[lali~((] ~ly t]IC rrlcarl  ]Jody  radius
,,

.ar~d p I.S t}le  d(;rlsit,y o f  the  body  I I I  :;,/ II
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(JSC of such  itlcrtially fixed  c)rl,ils  k,r it sil II IIl[:isurcriltt,ts  nlay  tio( al]vays bc appl icable .  g’he
S/Gbody  re lat ive speed is not ]Iulltd (.)1]! ill t Ills ,l~IJroacll,  aud t,llis  CaJI cause sigrlificarlt  relative

.
VC1OC1LICS  dcpe][dlng on tllc body rc, ~ at ir]ll j-a {, l.]] t~s sarrlttiillg c}c,curs at tile 1)01(’s of the body, i[l

situ lneasurelllellts  or sarnp]c gatllcrilly,  M III I)t ,I,!bl , I,C t,((ter lIaIIdlcd  by IIovrring iu the body-fixed

frar]lc (discussed iu tllc }lext subscct~ol,  ).
It is not always feasible to US( \ali:,l,l( Llrus !JIg J] IC’<  IO ac]li(vc  the iIcII’cri IIg, described here.

‘1’]lerc a r c  sornc silllplc schclncs ttl:,  t fi(( t (tit s  IIIC rISIIII,  al~tlc,u:,}i tl]cy  are irnplmncnted  hy

iul})ulsive [nmcuvers  (i.e. by coIIsta IIl lt)t  LI~l ~III,,iII -.). ‘1 IIC I)asic idea is ttlat the S/(3 is always iu
all crrl)it  al]out  tllc body, usually all llii}]ti{ (O IJ. [ M I II lwriaIJ~is  close  (o c]r witllirl the surface. ‘1’he]i
the S/~ reverses its iu orbit velocity, 01 :1[ 1( (<l r~t f rscs (Ilc i co!tt!mljcllt o f  it, wlle~lcvcr  a  certain
cr i t ical  radius  is  ~Jassed, ill effect  ft,t( i)l{, tll, ,(~. J Y ,,, rcl)ej,t,(]ly fiy tllIC)~I~~lL al)oapsis. ‘Ilis sa~ne

i d e a  IIlay be gc~lcralizcd  to hy[]crtbo]i(  (J I III(S d II( IJ:,b irl t his case t IIC S/(; is forctd to reI)catedly
fly throug]l pcriaI)sis, which is cl Iosf: II a{ ;I (1 ~il( d ,llitudc. 1 }Ic cost fol  SIICII o])eratiotm  is  always
greater  ttlall the continuous thrust 111.IYf  I ill~,, s II IIIf ]’or aII c,]l)it Jvith ccc(lltr icity close to one, the
tilllc bct)vccrl IllitIICUVCrS  ]nay be CSLIIII:LI( I a

,!

1
/[ti ij )1’,;

. . [l,’,’’j:;
\’ ~ ‘“’ “(’”rs

(38)

wllcrc ia i s  the llor~na]ized  a~joal)si;  01 (I!t (~: I,il IIId if i,~ !,Iic ~lorlnalimd radills at wllicb  t h e
mallcuvcr is tri F,g(md.  N o t e  t h a t  (Ill t il(l~ I)( JY~ r, Ill:ill(u$(:rs is I] I(lc])(IIdcIIt  of the si7e o f  t h e
body .  I t  is  also clear, for most sitr]ali,-,l]~  t,f III rts , tl~al 111( tin~(  I)ct!vt([i Illatlcuvers w i l l  a l w a y s
bc 011 th(, order of a few ]Iours,  wl)icl{ i. },1,,1  ill! t M, fr~xlurllt  to rcliat,ly ({}l~trol  froin the  g round .
AutoItolllous  station-kccj]ilig usillp, (Iii:, ,i,,~j: [,; 11 ‘lilS 1),(11 j)ro}xm,d i]] tllc ])wst for a I)hasc  o f
opera tiol)s at a col[lct.

FJavigatioll data tylxx lIecdcd (CI >11],11.)  t IICll ~rbilb art at, titu(lc dct(rlllitlation,  or)tical  imag-
iug altd,  ill sc)ltw  circutnsta~lces,  altil]){ try III( Pwrt:l  vrlts. 11 tllv c)rbil i s  l[i:)ilitail\cd  Par c}wugti  frolll
the b o d y ,  thcll ol)tical ilnagirlg shoIIltl II( SIIf  IIil  I It, lt~illg,  lllc;\~llrtlll(tlt,s  of tllr Iirllbs  of t}lc body to
detcrlllin( tile rclat ivc ~)ositiorl  of t,IIt- S/( “. S}, ,111111’ i. all~ro;:  II bc USC,] CICN(  to tl)c body’s surface,

tllf’11 laudrtlark trac!iillg w o u l d  {Jrot,;,l)]:$ 11( ~ .SI titj ,1 ill (Ir(l(r  to  col)trol ttic ]atcral m o t i o n  of the
S/(~,  If llovcriT~~, very  c l o s e  t o  tlic t,ocl!  “ ~{w [f I I clmircc].  Llic]! i(]ti~!l({ry  l}ieas~lrclnellts  would
be I]mdc(l  t o  cxl,licitly co~ttrol tl,c r;(ll:l I :1 (II’ 11 , S/(’. l]t this situation), tllc a]titudc would be
contro]lcxl  at a higher rate using tt]e Iltl][l 1 I,. (~ta v,llilf tti[ lateral l)ositiotlirlg and Inotion of the
S/{; could bc cojltrollcd at a slo}vcr rj[te II,i IIP, (II. ill :lgitl~, (If lilrlt)s or l:ili(llllilrks.  ‘~’llis fits Well witli
t h e  llcccssary  I)rocessing,  ti~llcs  f o r  c:, 1, (} ~,, ( [III -{~re.llic[lt, as altilllctr} Iias  a fmt turn a r o u n d
tilne aud optical will in general talic 1(,11[: I {{ ] r, )C . . . .

4 . 3  }Ioveri]ks  Orb i ts :  IIocly-l’ix e<]

l“or IIovcri]lg  opelatiolls CICWC to  t,ll( SIII l’ir~ 111 :, III; I Iody it [[lay I)c ]Ilorc  l]srf~]l  to fly ill tllc body-
fixed coordinate systeln. ‘J’O do this ttl{ S/( 1 III I..1 I;:tv sIIOII1(I c]ill)iljate I)c,lll tllc j:lavitatior]al arid
th~’ rotatiotlal accclcratio]ls. ‘1’llus tll( t{~t Ii tl II >1 1 ,ctor )vill I)c o f  ttl( fortl~:

Sillcc
to:

whiclt,

f “ ~’($.’ r) - 1/, (40)

fc,r l~ur~)oses of  discussio]l, CaII }~1 L, ,1111~1 ,1 I ,

(41)



‘1’lle fuel cosl,s of t,llis  approacl]  art hiiIII  :) (() I IIc c(Mt o f  illcrtia] Ilovtrillg,  l)lus m adcled  terrjl
due tc) the rotatiorlal  ctynalnics  lWI( i.,11 Ii iii, II c II be l)outldccl  fr,)lll  al)(]ve l)y all a d d i t i o n a l  1  lT/Tz
11)/s/l  lour, wtlcrc T is ii~ krn arid ‘1 irl Ili,ltr 11’rol (r aI)~,lic;ltiorl  of this ttlrust law will  resul t  in a S/~
force eliviroutncllt o f  i = O  wittl rc-1){~  L I() I Ile :crltral l)t,dy. ‘1’IIcII, assulllirlg that the thrust law
ctin bc pro~wr]y  appl ied  the  S/{1 cat I I)( I IV II : (IIIg  I]r(-l,rc)p,rar]]]r]c(l  r<ctilirlcar f l igh t  paths  a}~out
tllc body, Note  t h a t  t h i s  irrl])licil  Iy a..IIr  I h I }I; tllc S/(’ IIas a varial,lt  thrust cngille.  Sl]ou]d  t h e
Cllgir]cs bc fixed  thrus t ,  the  rcaliyatic}ji  II( I t) + ,Il,its })ccr.,rnes rllucl]  IIlorc  d i f f i c u l t .

Givcll r e l i a b l e  positioli  cstitJ(at( . it Is ~,os Iljle  10 devise a sil!lf)lc clos(d-loo~)  fecclt)ack colltro]
systcr[l  t,tlat  forces tl](’ S/c traj{rtc, ry t , I(,lloi t h e  I,rv- ~Jrogratlllllc(l  fiigtlt ~)atll.  W i t h  s u c h  a
systclll  )Irlp]erltcrlted,  it is no lorl~,,(  r ;1.. r III: 1 t lIavc l)i~,lily accuratt  p,ravity  f i e l d  rrlodel.  ]ndccd,
sirrlulatiorls  lvllcrc  t h e  S/c is  gil,fll ZL .1[ II it r,r~ iirld oral{, r ,gravity  fi(,l(i aIId flc)wrl in a  ful l  gravi ty
field snow that this level of Irlodc’lit  l!; w{ II . .IIflI ihrlt, (\rr, lvl)crl ctosc  tc) ttl( asteroid surface. Such
o~wrat)iorls  secrn  f e a s i b l e  fro~ll a C,)III 101 ,11 I f( II l~c]iltt (,f v i e w  a l  srllalicr b o d i e s .  ‘1’0 SIIOW t,rllc
feasil,ility, however ,  wi l l  requi re  prf)vl]ll,  [1 , ,,]11 , (Ictcrlllitl:lti(]rl corlc(},~ arid rllakirlg sure that it is
accura te  enough to  suI)port sucl] flip,lll ]1:]1 II. ‘J ji~  is :,11 ::rca of c)rlgoiliy,  study.

4.4 “1’~xotic” Natural orl]ifs

Orlcc  arl aut,orlornous navigatiorl L}S[(I,L 1, i< I,(t II dcl(lol),(l  aIId a])l)lico  to tlIe a b o v e  s i t u a t i o n s ,  i t
earl also be al)l)licd to other sitll:,[ic~rl., X ,( 1}] ( th(r~ i~ a rcldl  i\ely 1>.rf,c fuel  cost of pcrforrllirlg
close  ])roxirtlity opcratior]s, Cs[)(cialljf  : I I lr,’,( r II )dics. ‘Jo r<ducc  tli~w fuel costs arid  still e n a b l e
clc)sc ~~roxirllily oJ)cratiolls  cr)t:~ils {)){ u... c II 1 {11 II c~rt)its, or sli~,t]t  (Icviatiorlsfrorrl rlatura]  o rb i t s ,  to
I)rirlg tlic S/(~  c,losc to  t,tle surfac,. ,\s t~l~ li.(d III ltef(r(!lccs [18], [1{)] at)d [21] tlicrc a r c  a  wcaltl~
of periodic. orbits which come cl, ,sc L( I t 1, ~.1( ( id s[lrf~,c~, wittl  fait]} IC,W r e l a t i v e  sJ)ccds,  S u c h
url~its  arc, hc)wcwer, u n s t a b l e  Fil)d (.0111  I 11 ,t l,{ ! , !vrl frc)rl) tllc grc)url(l  I]biI1/, traCtiti  Oilal ilwk’igation
tecllrliqucw,  ‘J’b su~)~jort ftigllt  ill >IICII  iIII (I. III w ,iIld rtquiir an alrtorlolllc)l]s  rlavigatiorl arid  c o n t r o l
systellr,  corlccival)]y  tllc sarrlc sysl( rll ,], :1 ., IIII( for (11( }Iovcrirll!,  cal~ilt, ilitics. Now, tt]c total fue l
cost, Ivou]d bc that })ortiorl  rleceb~:+ry  1( I d I I tl: .orlt I(JI (lie flip,}ll, l~atll I]ac!i to  tllc rlorliirlal  o r b i t .
Also, it would t)c possit)]e to cor)t lo] 1 III t: 4 .I ‘t< ‘)’ to Irallsitior]  alol Ig a faljlily of ort)its, elldirlg  up
irl ari orbit ttlat w a s  close  to tilt s~lrl,l{, [{’11  I $ ~rtirlp, fr,)rrl a farl)i]y  w}lictl was  rlo[llirlally,  say,  a
circular c)rt)it.

‘J’llis >vould I)c, tccllrlically,  a t,,,, l,, 11[ I ,,,I,F; f{at, I)ut  ttlr J,c,t(tltial fuel savirlgs could very
well rllake suc]l arl al)l)roacl)  Ilscfl]l.  ()( ~~,1 ; I(sI iltcrtsl Jvould t,c tile Ir!(rr[,lay bctwccrl t h e  o r b i t
cleterrliillatioll  Ilrlccrtairity arid ttj~ c<,rtl ]1 !w, ill }lcrr[{lit<(l  t)y tl)( S/(1, a> t h i s  c o u l d  potctltially bc
arl urlstah]c  syst,c~n.  ‘1’llis w o u l d  II{ !.111~ (C I 1 III I ,:1-lirt(ar  ir(teract iorl l)vtw(.(rl  tllc orbit ur]ccrtainty
ar id  t}lr chaot ic  rlla~)~)ir]g of tljest (,rl]il. ][lf, I 11( I!rtur(,

‘1’he tecllrlical  scl]crnc  to follc,l;  !~t,) 1,.1 !)c 1(, l)rtco]lll)ute tl)( dchir(d l)criodic o r b i t  arid  t h e
rlcccssary tra]lsfcr o r b i t s  orl tile [I,r<)\III~l  :IKIi l,.):, i t h i s  u]) orltc, tllr S/( ’  as i t ’s rlornirlal fligt]t I)lan.
lk~)crldillg  or] t,llc s~wciflc  ort,it, 111( { I I  1 I, III J also witt]t  t o  ~jrecorlll)(ltc  tllc corltrc)l  allcl ort]it
dctcrrlllrlatr  or) s t r a t e g y ,  lrl tcr[ll,h {)1 iilll(llll t ;!I. I 1 rtli]!p, of rll(iis~lr (rl]clll< arid  J,lacclllcrlt of co]ltrol
rllarlcuvcrs,

5 IJanding Orbits

l,arIdirlg arlcl o r b i t a l  opcratiorls  ;ir w.1( J i is ( aI, I,( catcg,t,ri~c(l  \vitli r(,{)ect  to t h e i r  s t r a t e g y  arid
illtcnt, ‘J’llrcc rrlajor catcgorim ({jrl III dr \I, I I I(I liirl(lillp,, IIar(l lal](li]l~  arl(l IIig;lkspce(l  iIrlI)act.
A  sc~ft laudirl~ is  cllaracterizc(l as :1 C(I I, I, III ! c .ccr]( \vllcrc  tllc il]tr-rlt i s  (0 r]linirnizc  t h e  irnpac.t
slwcd  of ttlc sJ)ac.ecraft.  Usual ly  ill]]~ll( il i I III:< Il)])roactl  is tile ;Ll)i]ity to ficcl~ratcly  s t e e r  t o w a r d s

. .
slwcrfic  larldrrlg  sltcs. A  IIard  ]arl(l]l q,, 1s. ;! l~l!il Scqll(rlc! i]litiatc(] fror]l Oll)it  }v]]icll  d(Ics notllirlg;
to co]ltrol ( i . e .  rllirlirllizc) the irllltlcl sll~ I If 1 s]]acecr;,  ft. lrl I,ot]l  of tll(w larldirlg sccrlarios i t
Is rlcccssary fc)r tl]c spacecraf~ k) r{ll(l~ i ,(JI :. trI.1 [t)it tl,e astcr(,id I)rior (0 [}Ic lalldirlg scqucrlce, I f
arl a c c u r a t e  I)llysical ]nodc]  of tllc lar~,~t,  .~ f! III ra(lar i]rla~cs,  is ]I(]t avail al)]c  t h e  orl)ital I)hasc



,.

m a y  lasi until ttle shape, rotatio]la] (.ly II: II IIr( , ; II(I !,ravity fif.1,1 of ttlc astcl<~id is dctcrmincct. l’or a
lligl,-spcml i~n~jac( with a body itlr L}Ia( ( I I I i I(: hot I, II(CI or})it a}Iout  IIIC ast(roid but proceeds

d)rectly from hyperbolic approac]l t{) il[l}]ii{ (

5 . 1  ]Iigh Sped Ililpact

‘1’lIc intent is to illlpact the a s t e r o i d  JY~f Ii ,, I IJI 41 >: ItfKl  (0[1 1 IIc ord(.r  of ~t Y(,ral ]Iundred t o  s e v e r a l
thousand meters  per  scconcl)  to O1)S.11 V( I l,{ (:I ‘t: fic]cl froth  that itllImct  frorll  a  m o t h e r  o r  s i s t e r
S/rU. ‘1’l,e ir[l~)act  speed nlay be COJ,  (] CII1, i 1 ;, II ,Il[lillp, a lJlallell\tr sc,t,)< <lays lwforc  ilnJ)act t o

,., .
ac just the llllJJact specct  and to re-tar!, t t I ;II. .[) II. (, I ,. f’t tt~Jral(i  the. c,lltcr of  l]IC  asteroid. }’ollowirlg
t h i s  Illa]lcuver, a final  correctioli  alId r{ 1 Ir:,{l Ill! rllaue~lvcr  lvill ]Iavc lo I,c ([lade  s h o r t l y  b e f o r e
illlI)act using oI)tical da ta  taken dur)ti~,  t 1, z 11 I :)a lh. If Ille :istcroi(l lIas I)((li  olxwrvcd  w i t h  r a d a r
J)lior  to illlpac.t tl]e  o~)tical  d a t a  t]la}  t)<)i I,, { { h> r~, so lI)IIp, as tfl(,  h[Iact craft illll)act  u n c e r t a i n t y
elli~m is ]Iluch  slnaller thall the bed). 1 YI II il I 1 I I) .,,y’s  (1)1)( rllcris i:. J]crfr{tly klIokvlI,  if tllr irlmtial
or})it dclcrlllinati<)ri o f  tllc s~)acecrafl  I>, III II II I,,li( I  siglllill{,,h  will still },[ II<cwsary.

Givcrl  ol)tical  irna,ges  of  the  IN)(IY ,11:,1 IS (~1 :.l,ar t~:tckqroull(.1, tllc ullcvrtaillty o f  tile sl)ace-
c r a f t  trzijcctory ill the irltl)act ])liillf cal I 1, I:)prL): r[lat~,<l a~i md C- }irJC, : \; ’I’o O, Where ad is t]le
uriccrtairlty radius  ill the illlpact plal Ic, /( IS ‘III ~] (:ccrafr,  i:lrl,g,c t o  (I)c })ody at t}lc tirllc ofohser-
vation, 00 is t,l]e atl, gular accuracy NII II ir!i}(l 1111 II ,ly IIIay III: locatc(l,  t’] i s  ttlc  illlj)act sl)ecd,  a~ld
1’ is the [il[lc to impact .  ‘1’he arq, ulal iI(IIII d( ; I a IIlt)irlati[l]l  of tll(, calrll.ra I)ixcl size (or suitat)le
fr<ictiol,  tl]ercof) al]d  the ability oft II( {it I ii (l; il:I ;,roc(:>w)r to nlodcl t]l( stlal)c of the target body
(i.e. cstil,]atc the cmltcr-finding crr<r):

~ <, ~’ j’, (f~,//]<)” (42)

}vllcrc a}, is the J)ixe] s ize  of  the Ca]IIIrFI , ~f ~ . ;, fr ,Iric)rl (I,sril)irlp; t}lc al)ility  o f  tile mcasurmnent
J)rocessor  tc) cllarac.tcrize o r  esti]llat[  III( t III II i,f 1( t)odj” (Ilsll ally <: 0.2-) at least), d is the llleall
dialnctcr of  t i le  t)ody  and Jr’ is tllc $;/( ~ r,rq ~~ 1101 llIc t)c~d) at t,h( IIllag’, rllp, tjirilc. ‘I’licl L the d a t a
cutoff  tirljc to achieve a sJJecificcl ac( ur+u~  li

‘1 :
({

\, ’1,. v id/()): - ./; (43)

~lcarly, all iln~)ortalit  lillliti[lgfactol fo] I l,{ a’,illiy 1 Ille  S/[ to targ(t af, i]ill,act t r a j e c t o r y  irlvolves
tllr al)ility  of  ttlt IIlcasure[rleut l)roc(.:.cl ([, { I ihllal tlIe tar~,lt  ccrllcr orlcv 11 I)cco]ljcs  resolved. For
a  slwcific  exa~[ll)lc  assurnc arl inlpai  t sj)I I 1 If I  k 111/s, a  (I{sird urlcrrtaillly irl ttle iln J)act  ~)lane
o f  0.’27 diatllctcrs, and a celltcr-firldirll; (JII.,[ l’r< til II of  0,2.5, I ht,II 7’ N (),1 d/o,,  (SCCOIICIS). ‘1’yl)ical
C.al[lcra accuracies Inay range frol]l  (1,1  1111 ;2(; (Ii)r ,rl ir]acculak carlicra) 10 IIlrad for arl a c c u r a t e
ca]llera, Jjrovidillg data cut-off” tillle:.  \VIII II r TI,I,, f ,,ril 1“, JIJIIIU[(S  t.) 1.2 days, rml,ectively,  for a 1
krll body.

‘J’},c size o f  tile filial  rlla]lcu~tr i .  t I’[lt I II)] ,.,1’ tll( ~~r(vic)us corllr(,l  trrors and tile r e l a t i v e
cl)lletneris  u[lccr(ai]lty of the target l)f)(l~ ‘1 II< II,C .,ary ]Ilarlcuv(r size is just tile e r ror  d iv ided  by
tllc tirllc t o  itllJ)act. Assul[iiug  all ir, ( (][llill+,  I II L,ZI IIr, crl(,r (If 10 klIt, this trallslat(,s  irlto a 10 1[1/s
l,urtl f o r  tllc itlaccurate  c.a~l]cra al]d :, ( )  I I!I/ Ihlrrt I,r tllf a<cllrat, call]cr;i, a~,aill for a 1 kln t)ody.
{;lcarly, tllcre is a fuel cost associatml v:il Ii ~, 1, , a I llrat~ calllcra f(l t h i s  aJ,J)roacll.

II) ge]leral, .,s u c h  a  c r a f t  WI]] II(J 1(111. .I I(I, ~. I (xpcll(lalllc” arid  }vill IJrot)att]y  ]Iot h a v e  lligl]
a c c u r a c y  ilnagillg devices oll board  I,rlt t~ Ill I:i t a I w a(Cll Til CJ’ (:)J)t ical dtvicc  irlstead.  ‘J’l)crl,  }vitll
tllc shorter tilne slJal]s  associa ted WI( II aTl ills i ,r ~i[ “~lllllil, :(JI allt(,llolllous IIavigfitiorl  systc~n  wi l l
J)robably IIavc to I)c i~lcorl)oratcd to lLJ1)[), ,r{ ‘ t,, Iitl I tarp,ttif,~,  rllarlcuvcr. ‘1’tlr so~)llistication of this
sysl,crll  i~ IIot gr(~at, as  all it, lrlust, (II I i> Iiri,  l Ill t; !,(t c{]ltxr it] tll~ illlap,,~  firld dcsigrl  lnallcuvers
to ]IIovc  tllc target ccllter to the S/(’ 1),11,  ;I~,’It

IIj



5.2 Harcl Landing

A  h a r d  landiIlg earl he cfcfiII(d ii~ :1 Iii II S(I d~)l)  fro][] orbit o]lto  III(: as teroid surface with  no
k)raki]lg  IllaIlcllver~ JriortoilIl]>act  ‘ll II\a] 1)1(1:1(  isattrilclivc asit illvcjlvlsl  lottlr(lsti~lg~  [~a[~el]vcrs
to  co]ltrol  tllc dcsccmt rate aucl a\c)i<ish:,ll  !I’ tl ( smal l  I,(,dy ]Ilodcli]tg  issilcs  t)y I~assiIlg r e l a t i v e l y
swiftly to the asteroid surface. Ihr :1(111 \ :i)lf lii Ildill~  arcllracy 011 l]]< asteroid surface will be
a  funct  ior) of the orbit  deterlllirlat IOJi i.c( It I}, lllarlrllIcl ex[,culi<~[l (rror>  alId a s t e r o i d  rllodelillg
errors .  ‘1’be orbit from which tllc la IId(J i~ I(IIVC {.1 will al~o }Jlay a role  III tllc I:trldirlg  accuracy and
irllpact speed.

‘1’lIe irll{)act  s~)ecd o f  s u c h  a l~ll~l,r  rl, y IIaIll)r(mlttlaWl  I)y a i’t’w silll~~le  f o r m u l a e .  First,
assurrlc that tile s p a c e c r a f t  ve]o(lty  WIII1 ( IIC( (0 II,(, asteroid is rlull(ci (lut at some normalized

r a d i u s  ia arid  tl]c slJacecraf~  is :Illowt(i  t<) il I (.)] 1, arl ast(roid c)f radills r(, . ‘J’lIt’tL tlleirllpactspecd
is, a~)l~roxirrlately:

}“orcc)lltroll  )llrl)osesa rloll-zerc~s  ))[’{tl  IIlil III il ,I)arted tLJ tllcs])acccraf(  at the d e - o r b i t  marleuvcr
( th is  wi l l  ,~rovidc  auglc of attack  rIJIIl  I II i ~ JI[ (t), ‘1’IIc corrcsl)c)]lcliil~,, illll)act sped i s  corrlputed
by tafiillg the root-su~n-square of [Ilat ~1,( (1 IV}itl(  l;ql]ati(~ll  4 4 .

l’orarllarle~rvcr  ~)erforl[ie(l;  i( ]IIJIa]hf llIr ilrt,ro] trf<~r  irl l,]Ic ir]rj):fct site catt  be al)l)roxirnated

cas :

\V]l~I’f? ~b is t]le C’rrc)r  i[l tile i[ll])a~{ I)]atl, J.,, II. 11 fraclit,l]al error ill t!lc  executed rnaueuver  ( t y p i c a l
valurs raugc frortl  0.001 to 0.07), I; IS I)It  ,1< ri~.  ,  orl]it 1)( riaj)sis, r is ttlr delivery orbit eccerltricity
atld u, i s  tbc  I)osi Lion uncertairlt! ~i( {II( lIr I I 01 I tie ]Ilarl( Iivcr (ttl( d[liv~ry ort]it is tlic o r b i t  p r i o r
to tllc de-orbi t  maneuver) .  A !rlolc  1 tl~.1, 1~ I ,jrl} I l:~sis of d{livcr~  accura~’~ to tllc surface  of  a  cornet
for a slwcific  case is addressed ir) [Y’:!]

5 . 3  S o f t  IJanding

A soft larldir[g car) he realized ill a :]\lrrll,,r f ‘Lily ., th( tw(I  of grta(cst itltcrcst de]wrid 011 tl~c type Of
t]lrustcrs used  hy the S/~; wbett, (r 1,1)[  ( II ItII s 1 1,’C a {ix(<l o r  variat)]( tlrrus( level.  III t h e  fo]lo~ving
subsectlorrs  we sfcctc.b out, the fllri(la]llcrrl;dh I ( ~’if  dyllalllics  for  (acll ?i~ll,roacll.

5.3.1 11’ixcd lhmst lmvd

‘1’llis al)l)roac}l  i s  appcalin.g a+ lIIo+t Si’c’ tlli IIVJ-S  art dtsip,llcd  to il],l,art a fixecf level  o f  t h r u s t
arid  carlnot Ilc easily rllodrrlate(l ill 1, ,] ,11,1( ( , (Ic]i}vr  v:lri:il)]t  ICVLSIS o f  thrust, A l s o ,  tl]is al)-

J)roacll is r[]o]c alnerlat)lc  to l)r(;-J)I (l[’Iillllli)  :, fi III tll( {J,r,,lll,d  al, d tll~ls l[]ay clilniuatc tbc n e e d  f o r
autoriornc)us rlavigatiorl  for sul>]mrt.

‘1’lie bas ic  sccrlario is a< follo{ls [I. ~,~( r]~:.c]r}]lt~  ~(t, s(~rllc ra(lirl~  7L arid be,girls a  f r e e - f a l l

t o w a r d s  tllC l~Ody  (Vb = O).  A t  i{ r:,(ll  IIi S J tl ror]star]~ t]lrust (Urigirlc i s  a c t i v a t e d  burrlirlg in a
fixed  dircctic)il ( i . e .  t o w a r d s  tllc l,()(i:,)  ,!I II III Iicctivr acccleralic,ll 0{ f (assuined tc) b e  c o n s t a n t
o v e r  ttle time irlterval of irltercst). If 1 III ,} ,~{ I]trarllckrs  tire I)rol)crlj  cll(mrl, tllcn tllc S/~ w i l l
ilrr J)act  the body surface with a sl~(c.1 \ j I ‘II J htllclrl lcI so]vc is, giv(ll  a dc-orl]it radius 7’b, a S/~
accclcratic)n J, a given  b o d y  arid <l d(hII(,l II)IIIW 1 sI)e~.’d b) , at, \Yilat a](i[, udc 7.0 stloulcl tllc thrusters

I)c igrlitcd.
l)uririg ttlc t.hrustirl,g  J)(}rt i{rl c f [II(  ffill. : .ti]tle tll:it  tllr S/(; is ]]l~,vill~, c~lt,ire]y in tllc r a d i a l

d i r e c t i o n ,  tlicrl the cquatiorls of r]l(~t i~ll l){ ( ,:11(,

(46)



‘1’llis cquatio]]  has an in tegral ,  foul)d  IIY 111111(  IIIl\ if!, !}lro~lp,}] I)y ~ a,IId irllf~,latillg?,:

(47)

‘1’his equaticr]]  c a n  relate  tllc ilnpaci  :)},c:tl  (li !Ie]l I ,-,,) Jvitl, ttlc S/(; radius atld  s},ecd at t h r u s t e r

i.gllitiou.  N o w ,  note that  the burl)  i~,rli~i[))l M 11 ,,CC  it at, a dillcrcnt  radius  t,ltaII the initial de-orbit

buru, and that these t w o  states arc lIl~It<l l’) lllr’ 4 ~ Jjlcrlarl  (riergy  to arrit.(,  at:

] 1’” : !’ . jr
i 1 (:-’”  fl”O)

(48)

‘l’l[is rclationsllilJ catl  be used  to re]al( III( J;wib)ls  pjlralll<tcr>  o f  this l)rc)tllclrl.  If I)urn  terinination
is scllcdu]cd to  occur  a t  radius  r, bcl(lr(  illll~~:(t it I I:liu:>  7,, ttlcll tlIc  illll]iicl s[)mxl beco~ncs:

Note that ttlc accelerat ion is  cor~strwrlc  (1 s~tcl I tat

(49)

(50)

‘1’llis ensures that tile S/~ speed dot.. Ilot  1) ’1’-! tllro 1~, tl ?,(’10, Jvllich would illlI~ly that, tllc S/C; would
twgill  to cscapc fro]n the  body.

For siln I}licity,  assu[ne that tlit ll~jr~, tr)ll) ,j[iorl occllrs at lalldill{;  (7 : 7>. ) a~ld t h a t  t h e

illll>act, sj)cccl IS s~]ccif[cd ( V  =. VJ)l lt)c]l III( Iii IIUS al wtjich  tllc burn rrlust  I)c ip, tlikd  i s :

(51)

W]lc’rc ;* {lIld ib are the ~lor~]lali~l~d  ]a(lll  i! l!{ ! }1~11 I I  if!,lliti(lll a]l(] t]){ d~-otl)it.  iila]l~t]ver  oc~l]r,  P i s
dclwity irI g / c c ,  7“0 i s  t)ody  ra(]ius irl krll, j is S I;

‘ l ,  .
cc C[<III(III irl 111111/s2  arl[l  \’j i s  ilnpact sl)ecd  in

1[1/s.
N o w  l e t  u s  b r i e f l y  collsidcr  a], IXiIItIIII  (;i~ I a TI(I() k!; S/(; wiLl] a total ttlrust of 4 N, tllc

accclcratioll f =  8 mIt]/scc. ASSUIJII tll 1,1.,11 i. ar :.<teroid  uitb r a d i u s  10 !iIil arid  d e n s i t y  3  g / c c .
lillally, assulilc tl]at tile dc-orl)it Illilll(\l\( I ( (, IIrs IT. 5 a<leruid radii (50 !i In) a]ld assuliic  landing
speeds of 1, 0.5 a[ld  0.1 rn/sec. ‘J’llf: Ic.l,I:lit ,iltl Ides al \vtiict] t)urrl  i~,llilioll  ]Iiust  b e  lnade arc
thcll:  1 8 , 3 0 7 ,  1 8 . 3 5 4 ,  18.369  k]n.  ‘1’l!c lil!,l(i  j,, iilli (1(1( t~(fo](  tbe S/(; \vill esca])c l)ric,r to illll,act
i s  1 8 . 3 7 0  kin. It is clear tliat the illl)l:il[ :IJ {( is ! ]Isitivl 10 t,llc al)i]ity o f  ttle S/~ to  ip;llite tbe
t h r u s t e r s  <it t]lc lJropcr raclius and I}iat I{, r ~~ \, r) :,Iow illlj,act SIJCCCI (say (), 1 1[]/s)  all error of  1

IIleter call  cause an e s c a p e .
Given tllcsc’ sensitivities, it }vc,uI,I  1)4 II ,( JI t  l[lcc~r~)ol<itc altilllctrr 111(.asulc[i]cflk clurillg  tile

dmccllt  ~,l)asc. o t h e r w i s e  the burrls v;(,II II II liti ,Itd by aII i]lt(rIlal clo(k,  w i t h  l)ur]l ti]ne })ascd
oII ttlc  ]jrc-deorllitl  nla]lcuver  c)rbit (1( lcrl)ll)la !{ II, ill’ 1  is  Iikcly  10 t)c ill error, ]’or ttlis cxarn~)lcl t h e
aI)lJroxir(latc  sl)ccd at, b u r n  ignitio]l  is al, oIIl 1 Ii I I I / s e e I f  110 ottlcr ]Ilcail]reincrlts a r e  nladc, tllc
r a d i u s  clct(:rlllill:Ltic)lls  will bc litllitc<l  l)? Ilif III Il)a  ;ilioll  ~lr<)rs of tile S/(; aIId the ~nodelillg  e r r o r s
o f  t,he trc)dy. If tllc pro~)agatio~l  error:, }~lt)}( t( }1 t( ~ larf;(, tl, <y call t)c rcdllced by addirlg lalld[nark
or li]lth  tracking to the omboard ])ai iy,<~l i{ )tl ) , 1, ;II! I o rc{luct tile crmt to Ltlc I,ody  lllodcling  e r r o r .

N o t ,  co~lsidcred  above arc  ttl~ l,c~]l .l,l!r AI liect~  of llIe ho(ly  arid tt)e  rotatio~la] d y n a m i c s
o f  tlic b o d y .  Given a spcciflc, desir(~l  illll,:,.1  ~ [( i II I  a  I,odj ~IIodel, ttlc :t~,j)ropriatc burll igtlitioll

til]lcs or radii c o u l d  bc corll~)utcd  olI tlII L, ICI! IIIIF ;tI (l loat]cd  into tbc S / C  l)ro~,rarll.  ‘J’his apl)roach
sbc)uld ~vork well f o r  larger illll)act SJWC(I:  :il i (Ill I bc i]ill)l[[ri(rltctl I)y tl({ Nl;)lli S/c at t h e  erld

o f  its IIolnillal I)lission  phase, should  i t  III (It il ,1 1, laIIcl tb:tt S/(; oIIto  tllc llros s u r f a c e .

,
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5.3 .2  Varial)lc  ‘1’Ilrust I,mwl

‘J’IIc alternative approach would IIc t:l ?~IjJl  1> I II( ‘./(3 wiLll a vi(rial~lc  till  List systc~ll.  ‘J’llt: ~Jarticulars
of I)uilding sucl  I a thruster syst ClII art. ],( I( I I: us ,1 lIcrf lJut II IaIIy  }mssil)lc  apl)roachcs  should e x i s t ,
f r o m  Illodulatic,n  of the n~ass-flol!  ~at[ t, ~ II IICII ~rltatiot] of a ilulsitlp,  st ratc~,y.  IVlli]e  tliis a p p r o a c h
i s  Ilot  Ilcccssary for  landil)g o]t ~1 SIIIW I I (JI i)”, ~ wc)uld  ( [lat~lc ~,rca(cr  I_rccdorll i n  corltrol]iug t h e

dcscctlt  ~)tlaw arid  actually picki]iy, c)r s(((.I ill} t{ A iirds  a }};~rticular lal~dirl~  site on the surface of the
asteroid.

‘1’0 usc  such a capability’ tf, It< f{lllt ,1 PC,( rilial NOIIld  reqllirc aiI autc)nornous ort.)it dctcrnli-
rlatioll a u d  cmltrol algorithrll 0 1 1  lI(wI~l t t f, \/( ‘1’hr l,o,ly-relative  ~)(,siti(,~l  dcterr]lirlation w o u l d

b e  u s e d  t o  cclrt}~,ute the thrust, to 111111 IJI( )L,!vi \ fiel(l, lvllicll  ~v(~uld I)c rci,resclltcd as a truricated
sl)hcr -ical IIarlnouic  flcld  w i t h  tllc :!l,j~~t)l~r ILI(~ r l~itio~lal {Iyrlarllics  l{lo(lel. ‘J’llc S/~ w o u l d  a l s o  b e
given a nominal flight, path in tllc I,wl) .Iio ~r: lie }Vlli{ll ,ould ir)cludc  J,eriods of hovering;,  l a t e r a l
]notiorl  arid  ver t ica l  mot ion.  ‘1’11<  *(CII;I}  I( \ Iul I,c V(I y hirllilar to tlI;Il d i s c u s s e d  in  the I)revious
sect, iotl orl hc)vcrirlg  o r b i t s  i n  tile 1)0(1)  II> ( f]; ‘iIc. ‘1’lIc  S/(1 tr:l,lcct(jry \vould  bc corltrolled by a
c l o s e d  loo~) fecdt)acfc  cc)rltrol wlli(ll  v; I.1111(1  1)1 Kt, , ~,ositi<)r]  II](asurcrllc]l(\ to cfetcr][liric  a s ta te  esti-

rnak  arl(l a s~ate error, wllicl]  Wottl)d  1)1 II ( I(lc: ICC l)ct~}[m) th( (Ihtirllatc  ar)(l ttlc clesired s t a t e  a t
, .

a  ,9vcll  tlrnc. Sultat)lc galr{ cc)rls(ll~(,  Y,(ll I {i I,c p~)li(,(l to t,ll(w crlc)rh  to drive the S/{; back to  i t s

nolnirlal trajectory.
Sirllulations a~,l)licd  to a r(illst i :tl 1] JtI I(’1 clf th( :Ist(roicl  ‘J’ol]l  at is establish the feasibility

of the closed loop corltrol. Yet to I)( I,\:IIIJ:I (ml is II(: sl;,l, illty of this. sctlelr,e irl ttIc  I)rcscrlce  oflargcr
c)r})it dcterrniilation  errors ,  that alj:il~ .I - i c ~rr~ I(ly l)tirl{,, lwrfor~ilcd.

‘l’lie rlccessary ttlrust w i l l  lIC 11,111111  {I Ilj :

f . . [p,,  “ 1 (1.9 i(IS6/’/’2”l rll/s/l!ollr (52)

. . 2!: ~/)/7 ‘ 1( \?i CCIh A/T2]  Illicro g’s (.53)

}vllcrc ‘1’ is tllc b o d y ’ s  rotatiorlal I)(ri(,il i 1,)11 , aIId A is tllc S/’(’  la(i(ud(, as rllcasurcd f r o m  t h e
r o t a t i o n a l  ecluat,or.  Note  tha t  iIIIIIl(IIII  II( Ii III ( : ttlis t}lr(lht  l a w  \vitli(,  ut f(ccil)ack  co~ltrol  wiil  bc
uristat)lc. If tile precise  locaf,iorl  011 1}1(  >IJIf II  IS I ~]t. Of irlt,er(,st,  the loc]i) car] l~c closed ~vitll altimetry

rncasurcll)cllth,  s o  lottg  a s  the Iat,  ral (I[llt {I! tlI S/[’ c:tJ, t)(’ ~)[)111, d[(]  U\irl~ 0[1(31-]00[) COIltrO1. ]f
l a t e r a l  rllc)tiotl  c a n n o t  I,c tjoullde,l,  or LTI II l,, i !Iesir(,(i at a I]rccisr 10( at iorl orl the  surface ,  therl
lalldl]larlc tracking should  lm usrcl ill 011111 II{ I  i(~) wit}l altilrlctry dala.

TtIe above f o r m u l a e  a r e  US(,ILII  (IIIlj I jr I II(I I of rtiagltitude dmigrl  J,ur~)oscs.  IVhcvl consiclerirlg
arl actual trajectory the role c)f 1 lIf II II I,(I  ii SII j,c aII(l f,r:lvity fici(i f)f t h e  a s t e r o i d  bccolncs v e r y
irtlport ant, botl)  froln the standf)o)rlt 01 il]a I r afl [.lyrla]l)ics  a]I(l frorrl  ttIc slarld])oint of reducing a n y
Irteasurclncr]ts t,akcll  durirlp; dmc[rl[. IIlj},r, ,f,  I I lodc]itl~, of cit]lcr of ttlc~(  r!lay ]cad to an i n c o r r e c t
rllarlCll VCr or t]lrus~  ]CVC] arid a ct)rls{{lllcrll I I al ~~ or “flar(](’r”  ]Olld]llg  (I l l  t]l(’ aStfNOid SUrfaCC.

()]ice o~] tlic surface,  i f  the spaccc[i~fl  i [[ r) “II II will l)c iI]l~)ortatlt to lIaYc arl a c c u r a t e  r]lodel  o f
t h e  s u r f a c e  g r a v i t y  f i e l d ,  which ~$ ill II, Ii(  II :ITI I,ossil)l} irr(gular. ,~ s(:]l<it,lc strategy is to usc

a  i~olyll~>(lrorl rllocfCl, wl~jctl  pr~vi~lfs ~11~ ( :1 I c  [lsta[l(  dI ILsity  p,ravitat i(lrial ficIci fc)r an art)itrary
l)olylledrorl ([24]).  ‘1’his field i s  rlfr->il,>,l I r I I 1~ sulfact of  tl]e  l~odj  ar,d  earl t)e e a s i l y  nlodificd
tc) accourlt,  for local dc]lsity irlllc)rlt(,~,,l,(it  i .,

(Jiven a successful soft laII(l III\, II rl ;IC.I  r oid, t  IIC dmigrl  aIId irll~]lcr[lcrltatic)n  o f  a  r e t u r n
t r a j e c t o r y  i s  rt)uch  sirnplcr.  A t) ~]i(il  :. II II(( IYOU]L1 CI ,)isist  O f  at ]( ;Ist t}lre(:  j)re-}~rograrllrllecl

. . .
l)urlls:  ali lrlltlal bur~l to Ilft  t h e  :J]ar,,< I 4 f LIJI  (iIc as~elt~id  sur(ace to sc)rl)c a l t i t u d e ,  f o l l o w e d  b y
a burn to turn t h a t  a l t i t u d e  itlto th! ,rlli ,,tli }Jsis :IIICI III{)JC tll(. c):i]it a])oa~)sis  a  s a f e  d i s t a n c e
frc)rn tllc s u r f a c e ,  followcci  by /i tllil~i 111111 ;II (I] I]i( a])o:tr)>is  v,’llicll rais,.> J)eriai)sis  to a IIip;lk, safe

altitude.
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6 Conclusions

[;ivcn in thispa~)cr wasadiscussioIl ,111 [II( II] I il.icll..al)~]  <jyllal)licsc)faS/(~closc toasrnal] body,

s u c h  as an asteroid or co]]lct. ‘J’llc IIlaill  jIIIl w o IIiis IIal)(r w:is  t:) t)rill~j  rcalisrl]  to sorIIe o f  t h e
Cliscussiolis  wllicl]  arc occurr ing  COII<f-rJIIr  IL, s  (11 II lb,iotls.  discussic)[ls  Ivl)icll sotlletimes a r c  v a s t l y

ovcrsinl IJlif ied or which ig]]ore  sollle fr[l{ I;J ( 1 III, lit ,,1 r(,;i]it]ri tl[at fIIUS[ t)f (Icalt wi th  ear ly-on in

the desigIl  phase for such ]nissions.
‘I’l Ie results are not nlcallt to I,( :ill II I(IIIIV, +ilt,tlt)up,ll  a  strms tlas  I)ccll lairioll kee~,i)lg the

results general e~loug}l to be useful to 7 wilt r lrr’,1 (1 CIif[clc)lt ljody slla})cs  :i]ld sires, ‘J’o tha t  end, a
ltu[[thcr ofordcr-o  f--ma gltitude clesig, ]l folllllil;i, Iv, ,(cn (Icri)(,d  :L1lcls[:itccl.  collc{:lltrati~  lp;oI~tt lose
dyrlalnlcal asl)ccts llkcly to be of gre{~l(~.. I 1111(  I I t( lllclllisslc)rldesi~,llcr such  asla[lclill,gs~)ecd a n d
fuel Cc)st.

Atrlllyc  xcitirlgl Jossibility~  villc{clll (1(:1111 P,: l(laf(trt tl(ll]aillol) eralic]lls})tl  ascoftllc Nl~tflt
nlissloli to tile a s t e r o i d  $;ros.  l)uri]  j!,, t II( [Ill ,. II , S/(~  wilt COIIIC  ;vitljirl  A 3 Illcan r a d i i  o f  tt[c
})ocly fc)r ex tended per iod .s  of  t,ir[lc, sllt)l{trli (III ‘ f(u (Ilt]it 10 lal,g(’ ~)ctt(l[t)ations  and servirlg  as
a check 011 our uildcrstan(ling  of ttils (II II{; II ~tl~il  ,I[r)jellt. ‘Il)e]l,  follow  ill~j ttlc erld o f  tile prirlle
lnissiol!, a ~)ossil)ili tycxists that tile $1/(’  JJ III I I II(I od to laII(l otI tlIc  asteroid surface, thus serving
as tllc fore-rullrlcr of, what is to I)e lIL~l)(l  [ I II I(II IIC SIIC}I (raft toc,lller stllall l,o(lic sill c)ur solar
Systcm
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